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ABSTRACT 
Yorkville Dam is located on the Fox River in Yorkville, Illinois. It is a low overflow 
smcture (approximately 6 feet hgh) with a 530 ft wide modified ogee crest. Completion of the dam 
in 1961 did not include any riverbed protection below the dam. As time went on, the flow plunging 
down the face of the spillway, as well as the turbulent forces generated by a hydraulic jump, eroded 
away the original bed material and created a large scour hole. The advent of this scour hole caused 
the hydraulic jump to become submerged for all tailwater depths and changed the hydraulic behavior 
of the structure because the submerged hydraulic jump was not able to dissipate the excess energy 
in the same manner as a normal hydraulic jump would. The mechanism by which a submerged 
hydraulic jump dissipates excess energy is through the formation of a roller. The unrelenting forces 
of this roller have captured many unwilling victims, and caused many drowning deaths at Yorkville 
Dam. 
In 1977, the Division of Water Resources of the Illinois Department of Transportation 
(IDOT) attempted to remedy the situation. They placed large riprap inside the scour hole having 
equivalent diameters of up to 2 ft. After sometime, it appeared that the riprap remediation had not 
eliminated this deadly flow pattern. Once again, many people were drowning at the structure. In 
1991, a survey of the spillway clearly showed that the riprap had since been scoured out by the 
plunging waters and a new scour hole had developed. Thus, creating the same roller problem. 
The objectives of this study were to construct a sectional physical model, using Froude 
similarity and sediment transport characteristics. The model calibration consisted of reproducing 
the scour holes observed for both the original river bed and the existing (riprapped) bed conditions. 
Next, the flow structures inside the scour hole were observed and characterized. Lastly, several 
alternatives were considered and modeled with the aim of eliminating the so called "drowning 
machine". The scour holes were reproduced with fairly good results, while the flow structures inside 
the scour holes showed their devastating power. Five alternatives were explored, including: 1) a 
conventional stilling basin, 2) a 10: 1 boulder slope, 3) a 10: 1 sloping smooth face, 4) a four-step 
spillway and 5) a six-step spillway. Of the five altematives, the four-step spillway seemed the most 
feasible and cost effective because it dissipates the excess energy in a safe fashion while offering an 
aesthetically pleasing appearance. 
The findings of this study should be applicable to most of the low overflow structures 
experiencing similar drowning accidents in the State of Illinois. 
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1. Introduction 
1.1 Generalities 
Hydraulic jumps, in general, have been studied for nearly a century due to their well known 
importance in all kinds of engineering applications. The hydraulic jump takes on different forms 
depending on the surrounding flow characteristics. One of these forms, the submerged hydraulic 
jump, which may occur downstream of an open channel control structure when the tailwater is 
high, has not been studied to a great extent. Perhaps the limited amount of research on the 
submerged hydraulic jump can be attributed to the quiescent and seemingly safe nature of its 
surface. The surface is misleading though, and upon further investigation one can see that the 
internal characteristics of this complex flow structure render it quite dangerous. For this reason it 
is rightfully dubbed the "drowning machine" (Leutheusser, 1988). 
A hydraulic jump often occurs at the toe of an overflow structure such as a spillway. The 
jump, through its ability to dissipate energy, completes the transition from a supercritical plunging 
flow to the subcritical open channel flow of the tailwater (see figure 1.1). The tailwater depth 
determines the hydraulic jump's primary mechanism of energy dissipation. 
Figure 1.2 depicts the four tailwater conditions that could develop below a low overflow 
sbxcture with a flat bed, as well as the condition that develops for a scoured-out bed. Condition A 
occurs for  low tailwater, which causes the jump to be swept away from the toe of the spillway. As 
the tailwater rises, the jump starts to move closer to the spillway. It continues to move closer until 
the tailwater has reached an optimal depth where the toe of the jump is right at the toe of the 
spillway (Condition B). A further increase in tailwater depth drowns the hydraulic jump and it 
becomes submerged (Condition C). The plunging flow generates a roller as its mechanism for 
energy dissipation. The roller axis is in the spanwise direction to the flow. This roller is 
commonly called the "hydraulic" by canoeists and water safety experts who understand its power 
to capture unwilling victims (Leutheusser, 198 8). 
The jump will become submerged to various degrees depending on the height of the tailwater. 
Eventually, the tailwater rises to such a high level that the submerged hydraulic jump disappears 
and the flow barely notices the presence of the spillway (Condition D). The surface will become 
undular, and then eventually flat at extreme tailwater levels. 
Conditions A - D have been described before (Leutheusser and Birk, 1991; Leutheusser, 
19881, but it is interesting to observe the effects of tailwater depth on the hydraulic jump when 
there is a scour hole at the toe of the spillway. The presence of a scour hole, whether it is the shape 
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Figure 1.2 S:ates of spillway flow as a function of tailwater depth. 

that causes the flow to assume or merely the increased depth of the water inside the hole (or a 
combination of the two) causes the jump to become submerged at all tailwater levels. The flow 
dissipates its energy in the same fashion as the submerged hydraulic jump over a flat bed (i.e. by 
generating a roller). One can see from inspection of Case E in Figure 1.2 that the water surface 
just below the spillway has an upstream direction. Therefore, anything that is on the surface will 
be pushed back towards the plunging nappe, and anything that is caught in another portion of the 
roller will be circulated around and eventually thrust towards the plunging nappe. This circulation 
pattern could continue infinitely because swimmers of aLl skill levels cannot generate the amount of 
force necessary to counter act the large forces that the roller generates (Leutheusser, 1988). For 
this reason, there have been many deaths at low overflow smctures that create such a situation. 
1.2 Motivation 
Yorkville Dam is located on the Fox River approximately 35.9 miles upstream of the 
confluence with the Illinois River. The dam is 940 feet upstream from the Route 47 bridge (see -
figure 1.3). The drainage area to this point in the watershed is 1804 square miles. The dam was 
constructed by the State Division of Waterways in 1960-1961. It was named the Glen D. Palmer 
Dam after a former Director of Conservation. The dam has a modified ogee crest, the length of 
the spillway is 530 feet, the height of the dam is approximately 6 feet, and the crest elevation is 
575.0 feet above M.S.L. Figure 1.4 shows a schematic of the dam. 
Completion of the dam in 1961 did not include any scour protection below the spillway. The 
original sediment was highly susceptible to erosion and hence a large scour hole was created. In 
1976 Yorkville officials noted that many individuals had lost their lives at the dam by drowning. 
The officials asked the state for a site review. The state officials noticed the large scour hole (see 
the boundaries of the 1976 scour hole in figure 1.5a) below the spillway and decided this was 
presumably causing the problem. In an attempt to remedy the situation, the Division of Water 
Resources decided to eliminate the scour hole by filling the hole with riprap (see figure 1.5a). 
This work was completed from October 1 1, 1977 to July 7, 1978 at a cost of approximately 
$100,000 (IDOT, 1995). 
Fifteen years after the riprap addition, the Chief of Yorkville contacted IDOT to request 
assistance. At that time, 12 people had lost their lives at the dam in the last 26 years. Table 1.1 
shows the dates and the flow rates at which the accidents occmed. In fact, a survey conducted by 
IDOT in 1991 clearly showed that the riprap put in place to reduce the scour hole had since 
scoured out and a new scour hole had formed (see figure 1.5b). The magnitude of the scour hole 
was not nearly as large as the 1977 scour hole, but it was large enough to generate the same 
conditions. 
Figure 1.3 Location of Yorkville Dam on the Fox River 
at Yorkville, Illinois. 


Water Depth on Spillway Flow Rate 
Date (feet) (cfs) 
I 
July 11, 1968 0.96 1740 
June 13, 1971 0.56 784 
July 17, 1972 1.31 2870 
July 23, 1972 0.99 1880 
May 1,1976 1.66 4150 
June 24,1984 0.90 1620 
July 4, 1990 1.08 2140 
July 5, 1992 0.50- - 655 
--- --
July 10, 1993 0.57 806 
Table 1.1: Dates and flow rates when drowning incidents 
occurred (Source: DOT, 1995). 
The prezence of the scour holes created a submerged hydraulic jump as described in section 
1.1 and illustrated in figure 1.2. Many victims have entered the "hydraulic"fiom upstream. These 
"brave" souls often come over the spillway in boats. It is unclear why a boater would disregard 
the clearly marked signs on the reach explaining the danger of proceeding over the spillway, but it 
has occurred. Once the boat impacts the tailwater and subsequently enters the "hydraulic" it often 
capsizes leaving the individuals fighting for their lives. 
The other way that people have entered the hydraulic is from the downstream side. The low 
tailwater conditions, that often occur in the summer months, are quite popular for fishermen, or 
even people who are just exploring the river. These people have waded out into seemingly safe 
tailwater depths that do not even go past their knees. Often times the observer gets too close to the 
scour hole and is swept into the "hydraulic". Once they are inside the roller they can only hope to 
be rescued before they drown. 
1.3 Objectives 
Due to the amount of danger this flow structure puts on public safety, the Illinois Department 
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conduct a physical model study. 
The laboratory study for the drown proofing of the Yorkville Dam consisted of four main 
objectives. The first objective was to scale and construct the model of the spillway. The second 
objective was to calibrate the model. This included matching the flow characteristics of the 
prototype to the flow characteristics of the model and checking if the 1976 scour hole and the 1991 
riprap lined scour hole could be reproduced. After proper calibration of the model, the third 
objective of the research was to study the flow characteristics of the roller. The fourth and final 
objective was to explore possible alternatives that would eliminate the dangers of the submerged 
hydraulic jump or any other unsafe flow characteristics. The optimal alternative would render the 
structure practically drown proof by eliminating the foxmation of the roller while dissipating the 
energy of the flow without causing erosion problems further downstream over the range of flow 
conditions historically experienced by the hydraulic shucture. 
2. Literature Review 
2.1 Introduction 
Research on the submerged hydraulic jump started as early as the 1940's. The research then, 
and for many years after, focused primarily on characterizing the flow parameters of the 
submerged jump and then comparing those characteristics to the free jump. Of major interest to 
the hydraulic engineer was the comparisons of energy dissipation, scour characteristics, and 
pressure fluctuations. The early research noticed the presence of a roller and consequently a 
backward flow region, but did not tend to consider the dangers that this type of flow could exert on 
safety at low overflow structures. 
More recently, a few publications have called attention to the strain a submerged hydraulic 
jump can put on public safety. It is obvious, as it will be shown in this study, that this flow 
structure promotes drowning. For this reason, research objectives on the submerged jump have 
moved towards its removal all together. There has been a fair amount of work defining possible 
modifications for low overflow structures to achieve this goal. 
The objective of this section is to outline the research that has been done on the submerged 
jump and surnm&ze the measures people have suggested to eradicate the dangerous phenomenon. 
This includes the definition of the submerged jump along with a description of its flow parameters. 
It also includes the summary of experimental observations and theoretical derivations that have 
lead to equations describing the submerged jump. Finally, this section summarizes some of the 
suggested modifications and presents the studies which have been conducted to eliminate the 
existence of the submerged jump. 
2.2 Submerged Hydraulic Jump 
Before 1963, there was a limited amount of observations and measurements published on the 
submerged hydraulic jump. The first known observations were published in 1943 by Walter 
Moore, and also Boris A. Bakhmeteff and Nicholas V. Feodoroff. These researchers described 
observations of retarded bed velocities for a submerged hydraulic jump (Rao and Rajaratnam, 
1963). Next, Harold H. Henry published measurements, along with observations by Liu 
describing discharge coefficients for the submergedjump (Rao and Rajaratnam, 1963). From 
1955 to 1956, Smetana and Woycicki separately presented their observations of the submerged 
hydraulic jump. Smetana presented a schematic representation of the submerged jump, and 
developed some empirical equations describing its energy dissipation (Rao and Rajaratnam, 
1963)). He suggested that the submerged jump offered greater dissipation than the free jump, and 
that the dissipation increased with greater submergence (Rao and Rajaramam, 1963). Woyciki, on 
the other hand, developed an empirical equation describing the length of the jump (Rao and 
Rajaramam, 1963). 
A submerged hydraulic jump may occur at an underflow or an overflow structure. Figure 2.1 
depicts the experimental setup used by Rao and Rajaramam (1963), Rajaratnam (1965), 
Narasimhan and Bhargava (1976), and Long e t  al. (1990) to study the submerged jump. It 
consisted of a supercritical flow entering a subcritical open channel flow through an underflow 
structure thus, creating a hydraulic jump at the intersection of the two flow regimes. The 
researchers used a tailgate to adjust the submergence of the jump. They all noticed that the flow 
divided into two regions. These are the forward flow region and the backward flow region (roller). 
Figure 2.1 also includes a typical velocity distribution that will occur at a given cross section. 
Rao and Rajaratnam (1963) made the first main contribution to a better understanding of the 
submerged jump. By considering Smetana's work and the experimental work they conducted, 
Rao and Rajaratnam presented a definition diagram for a submerged jump. In order to quantify the 
amount of submergence, they defmed the submergence factor S, as: 
where ya is the tailwater depth, and y;! is the subcritical sequent depth of a free jump as given by 
the hydraulic jump (Belanger's) equation. The experimental measurements were used to verify 
theoretically developed equations. Equations were proposed for the backed-up water depth (or the 
water depth at the beginning of the subcritical flow) and the energy loss for the submerged jump. 
The experimental measurements compared quite favorably with the theoretical equations. 
These researchers, through extensive analysis of the energy loss of the submerged hydraulic 
jump, showed results contrary to the observations of Smetana. Rao and Rajaratnam (1963) 
concluded that the energy loss for the submerged jump is greater than the free jump only under 
certain flow conditions. They developed a theoretical equation to find the optimal submergence 
that achieves the maximum energy loss. This was a function of the supercritical Froude number 
(they also verified the equation with experimental measurements). For conditions greater than the 
optimal submergence they found that the energy loss was less than that for the free jump (Rao and 
Rajaratnam, 1963). 
Lastly, Rao and Rajaratnam investigated the flow velocity close to the bed. This allowed for 
the assessment of the scour potential presented by the submerged jump. The researchers found 
Figure 2.1 Submerged hydraulic jump (a) general characteristics 
and (b) vertical velocity distribution. 
that as the submergence of the jump increased, high velocities continued along the bed for long 
distances (Rao and Rajaratnam, 1963). This, of course, is undesirable. With this, and the 
observations on energy dissipation in mind, the researchers concluded that the submerged 
hydraulic jump "is not to be preferred over the free jump". 
In 1965, Raj=at;_?amrAeud-- - a paper that continued the analysis of the experimental worknrpcp~tp.d 
f ~ s tpublished in 1963. He analyzed the submerged jump as a plane turbulent wall jet under an 
adverse pressure gradient over which a backward flow was placed. Rajaratnam found that the 
velocity distribution in the experimental work (forward flow only) was similar to the velocity 
distribution of the plane wall jet under the previously described conditions. The surface profiles 
for a submerged jump and a plane wall jet under an adverse pressure gradient over which a 
backward flow was placed compared favorably, also (Rajaratnam, 1965). 
The analysis of the backward flow showed a useful observation. Rajaratnam found that the 
discharge per unit width of the backward flow increases with an increase in submergence while 
keeping the incoming supercritical Froude number fixed, and that it also increases with an increase 
in the supercritical Froude number while keeping the submergence fixed (Rajaratnarn, 1965). It 
should be noted that Rajaratnam did not have complete closure between the two flows though. He 
had some trouble collating the forward flow discharge and the backward flow discharge into one 
discharge. It seems that even though the overall magnitude of the backward flow could have been 
erroneous, the supercritical Froude number and submergence relationships would still apply. 
Finally, Rajaratnam was able to quantify the boundary shear stress as a function of the coefficient 
of skin friction and the maximum velocity (as defined by the plane wall jet). He used previously 
developed turbulent wall jet equations for the skin fixtion coefficient 
Narasirnhan and Bhargava (1976) presented more observations on the submerged jump. They 
pointed out that there are larger magnitudes of pressure fluctuations for the free jump than the 
submerged jump. This suggested to them that a submerged jump under low submergence may be 
a safer energy dissipater than the free jump when considering the structural design of a stilling 
basin. They also noted that these pressure fluctuations promote scour, and for that reason, one 
might consider designing for a slightly submerged jump under certain conditions. 
Long et. al. (1990) continued to add to the data describing the submerged jump by presenting 
Laser Doppler Anemometry (LDA) measurements. They measured the time averaged 
components of velocity (u and v), kinematic turbulence shear stress, and the turbulence intensities. 
By applying a characteristic length scale, they were able to group all the major flow characteristics 
(i-e. velocities, turbulence shear stresses and turbulence intensities) together. Interestingly, they 
found that the decay of the maximum velocity, normalized with the average streamwise velocity, 
behaved the same for free jumps, submerged jumps, and wall jets when it was plotted against the 
stxeamwise coordinate normalized with the characteristic length (Long et. al., 1990). When 
considering the fully developed region of the submerged jump in comparison tcj wall jets, Long et. 
al. (1990) demonsaated that the behavior of the streamwise velocity and turbulent shear stress was 
similar in both cases. The most significant observations that the researchers contributed were 
those of the three dmensional nature of the submerged jump. 
As discussed previously, the submerged jump could also occur at an overflow structure. 
Figure 2.2 depicts a submerged jump below a weir. The flow is divided into five regions as 
described by Fan (1993). These regions include the nappe, deceleration, aeration, counter-current, 
and recovered regions. A submerged jump at a ogee shaped spillway would contain all of these 
regions except for the aeration region. Observations by Leutheusser (1988, 1991) and Fan (1993) 
focus on the submerged jump at overflow structures. It should be noted that the flow 
characteristics and velocities of submerged jumps at overflow and underflow structures are 
similar, but not identical. However, the major characteristics of the two structures are assumed 
equivalent for this analysis. 
Leutheusser (1988) presented a paper discussing the dangers of the submerged hydraulic 
jump. He  -pointed out that tne design of safe hydraulic structures often overlooks some of the 
environmental dangers the structure might present Peutheusser, 1988). Leutheusser went on to 
discuss the states of weir flow for a flat bed in a way similar to that described in figure 1.2, and 
pointed out that the submerged jump is by far the most dangerous. He continued by presenting 
some approximate values for flow velacities and forces that may occur at a low overflow structure 
under submerged flow conditions. These velocities are of the same magnitude as the velocities an 
average swimmer can generate, suggesting that a person would have a difficult time swimming 
out of the "drowning machine" (Leutheusser, 1988). Next, Leutheusser presented a graphic 
chronology of events that may occur to a drovming victim. Finally, Leutheusser concluded that 
hydraulic engineers need to be aware of the environmental dangers that develop below these 
structures and promulgate designs that maximize dam safety (Leutheusser, 1988). 
Leutheusser (1 991) published another paper that discusses the dangerous conditions that can 
occur at a low overflow structure. He suggested that the dangerous submerged jump may often 
occur because the design of many overflow structures are too low. This does not allow the flow to 
go through the proper, free hydraulic jump. Leutheusser also pointed out the difficulty of 
designing these structures for such a wide range of flows. He then presented a graph depicting the 
proper weir heights, or proper heads for drop sbxctures, to alhw the free jump to occur. 
Fan (1993), under the direction of Leutheusser, focused his attention on the backward flow 
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countercurrent region (countercurrent region length normalized with the tailwater depth) to vary 
linearly with submergence. A surface Froude number was defined and used to describe the flow 
in the counter current region. The backward surface velocity th.it was used in the surface Froude 

number was found to decrease with submergence (Fan, 1993). When considering the critical 
submergence, which is defined at the transition between the submerged jump and the undular 
surface nappe, he found that it exhibits hysterisis. The ans sit ion from the submerged jump to the 
undular surface nappe, which was denoted the "flip jump", occurred at a higher submergence than 
the m s i t i o n  from the undular surface to the submerged jump, which was denoted the "flop drop" 
(Fan, 1993). 
2.3 Eliminating the Submerged Jump 
There has been many instances in which people have lost their lives due to drowning at a 
hydraulic structure. This, of course, includes the Yorkville Dam. The understanding of the 
dangerous flow structure that the submerged jump creates has lead to designs or modifications that 
eliminate it. Possible mohfications have included: increased spillway elevations, baffled chutes, 
labyrinth weirs, raised grouted stilling basins, and step spillways. 
2.3.1 1ncrked Spillway Elevations & Baffled Chutes 
Leutheusser's (1991) suggestion to pay close attention to the design head at an overflow 
structure was discussed in section 2.2. He also realized that this design head has practical 
limitations, though. When the design head is too high, he advises the use of a baffled chute as 
denoted Basin IX by the Bureau of Reclamation. The baffles will dissipate the energy by 
cascading action and do not allow the formation of a roller (Leutheusser, 1991). 
Hotchkiss and Comstock (1992) attempted to validate Leutheusser's (1991) remarks. They 
easily reproduced the "hydraulic" in the laboratory and profoundly agreed with Leutheusser's 
conclusions regarding dam safety for this flow pattern. They did, however, disagree with 
Leutheusser's baffled chute suggestion as an alternative to eliminate the dangerous roller. 
Hotchkiss and Comstock (1992) tested a 1:6 scale model representing a Bureau of Reclamation 
Basin IX design. While they agreed the baffled chute dissipated the energy head as the flow 
cascaded through the baffles, they felt this saucture would add another safety concern. The 
researchers tested flows similar to the flows that developed the "hydraulic" (under unbaffled 
conditions) as well as flows that would develop Case B and Case A from figure 1.2. For such a 
flow range, Hotchlass and Comstock (1992) found that the introduction of a representative float 
(either a recreational boat or person) over the spillway showed the possibility for injury while 
negotiating the baffles. The float often became wedged in-between the baffles because the baffles 
were not completely submerged. The boat was only able to pass unobstructed for discharges well 
over the design discharge (Hotchkiss and Comstock, 1992). For this reason Hotchkiss and 
Comstock (1 992) suggested designs presented by Hauser et. al. (199 1) to eliminate this safety 
concern. 
Leutheusser (1992) elaborated on the observations of Hotchkiss and Comstock (1992). He 
understood Hotchkiss and Comstock7s (1992) remarks, but wanted to establish that there are no 
"safe" hydraulic structures. He suggested that the excessive amount of turbulence and agitation 
the baffles will promote would presumably keep most people away. This is contrary to the 
quiescent nature of the "hydraulic", which attracts many unknowing victims. 
2.3.2 Labyrinth Weir 
Hauser et. al. (1991) investigated the use of labyrinth weirs below hydropower dams. The 
objective of the design was to increase minimum flows between generating periods and increase 
tailwater dissolved oxygen (DO). The proper design of the labyrinth weir regarding safety would 
limit the discharge per unit width. Hauser (1991) pointed out that a high discharge per unit width 
could develop the aforementioned roller. An increase in the crest length would decrease the 
discharge per unit width below the suggested 2 cfs/ft maximum. Any flow above 2 cfs/ft would 
promote dam safety problems (Hauser et. al., 199 1). A clear advantage to the labyrinth weir is its 
aerating characteristics. Any extra amount of oxygen mass transfer would, of course, improve the 
health of the river. Hauser et. al. (1991) did point out the disadvantages of the labyrinth weir, 
though. These include: the increased crest length for aeration and dam safety over other 
alternatives, and the fact that the labyrinth weir is non-navigable (Hauser e t  at., 1991). 
2.3.3 Raised Grouted Stilling Basins 
Pugh (1989) presented a proposed modification for boater safety on the Tieton Diversion 
Dam. The scouring action of the drop structure created a 6 to 7 foot deep hole just below the crest. 
There was a roller, similar to the flow structure already discussed, below the dam that retained 
boats. Pugh (1989) physically modeled the drop structure and then designed the proposed 
modification. He originally attempted to place riprap inside the hole and minimize the head 
differential between upslream and downseeam. The riprap was placed flat for about 10 feet and 
then dropped off with a 3 to 1slope until it reached the bed elevation. The scaled two-foot riprap 
was easily eroded and a large scour hole developed again below the crest. Pugh (1989) found that 
a four-f oo t diameter riprap was necessary to withstand scour. The large riprap did cause additional 
problems since fins formed in the gaps between the rocks. This, he felt, could be hazardous to 
boaters. The hazards and economics associated with the four-foot riprap suggested h a t  another 
- - 
alternative was warranted. Pugh (1989) found that the two-foot riprap with a grouted cover would 
withstand the flow and eliminate the roller. 
2.3.4 Stepped Spillways 
Recently, there has been a lot of attention directed toward the use of stepped overflow 
structures. Problems that promote the use of stepped sauctures are the excessive cost of bed 
protection below the structure and the existence of the aforementioned "hydraulic". The 
dissipation of the energy head along the face of the structure limits the amount of residual energy 
remaining at the bottom, and therefore, limits the energy available for the formation of both a roller 
or an exorbitant amount of bed scour. 
In order to get a better understanding of the use of stepped structures, the hydraulics of such 
structures must first be discussed. Next, equations that have been developed to compute 
dissipation over a stepped smcture will be presented. Then, some examples will be cited in which 
stepped structures have been used. -
2.3.4.1 Fluid Mechanics of Stepped Spillways 
Sorenson (1985) noticed a distinct difference between high and low flows over his stepped 
spillway model. At very low discharges, Sorenson (1985) observed the flow cascading from step 
to step in a "thin choppy layer that clings to the face of each step". At higher flows, he observed 
rotating vortices of flow behind the sheet of flow. Rajasatnam (1990), along with the observations 
of Essery and Homer, divided these two flow regimes into the nappe flow regime (figure 2.3) and 
the skimming flow regime (figure 2.4). In the nappe flow regime, the flow falls from one step to 
the other as a falling jet. The energy dissipation is achieved by jet breakup in the air,jet mixing on 
the step, and the possible occurrence of a hydraulic jump (Rajaratnam, 1990). Chanson (1994a) 
further divided the nappe flow regime into three subcategories, which include: 1)nappe flow with 
a fully developed hydraulic jump (which occurs for low flows and small flow depths) (figure 
2.3a), 2) nappe flow with a partially developed hydraulic jump (figure 2.3b), and 3) nappe flow 
without a hydraulic jump (figure 2 .3~) .  For the skimming flow regime, the water moves along the 
face of the steps as a coherent stream. The flow is cushioned by the recirculating fluid that is 
trapped between the steps. The momentum transfer from the skimming flow to the rotating fluid, 
which intern causes a shear stress, appears to cause the energy dissipation (Rajaratnam. 1990). 
The two flow regimes also entrain air in different manners. Air entrainment, for the nappe 
flow regime, occurs at the intersection of the falling nappe with the receiving pool by jet breakup. 
En~a inmentalso occurs in the hydraulic jump downstream of the impact of the nappe (Chanson, 
(a) Nappe Flow with a fully developed hydraulic jump. 
(b) Nappe Flow with a partially developed hydraulic jump. 
(c) Nappe Flow without a hydraulic jump. 
Figure 2.3 Three states of nappe flow regime. 

(a) Boundav layer growth for a stepped spillway. 
(b) Recirculating vortices that cause flow resistance. 
Figure 2.4 Skimming flow regime over a stepped chute. 

1994a). Chanson (1994a) states that there is a limited amount of entrainment on the surfaces of 
the nappe because of the small surficial area. The skimming flow regime, on the other hand, 
entrains air through another process. The skimming sheet of water is highly turbulent. This 
promotes the conditions of free-surface aeration. For a long chute, the flow begins to proceed over 
the steps as a smooth, glassy stream, until the growth of the turbulent boundary layer intersects the 
water surface. At this point, the point of inception (see figure 2.4), air entrainment begins. The 
mixture of air and water will reach an equilibrium after a short distance and remain the same for 
the remainder of the chute (Chanson, 1994a). 
Since there is a difference in the flow characteristics for the two regimes, it is necessary to 
know the transition between them. Rajaratnam (1990) used a limited amount of experimental 
measurements to define that transition. He concluded that the onset of skimming flow occurs 
when the ratio of y,/h, where y, is the critical depth and h is the step height, is approximately equal 
to 0.8. For flows with y,/h greater than approximately 0.8, the flow will be in the skimming flow 
regime, and for flows with y,/h less than approximately 0.8, the nappe flow regme will prevail. 
Chanson (1994a,b) took the analysis for the transition one step further. He suggests that the -
"onset of skimming flow" occurs when the cavity beneath the falling nappe disappears. This, he 
states, is a function of discharge, step height (h), and step length 0).Analysis of stepped structure 
data for h/l between 0.2 and 1.25 resulted in the following empirical equation: 
where (dc),,,,t is the characteristic critical depth. The skimming flow regime occurs for dc > 
(dc)o,s,, , where d, is the critical flow depth (Chanson, 1994a,b). 
Mondardo and Fabiani (1995) question the validity of Chanson's equation describing the 
transition from the nappe to the skimming flow regime. They pointed out the low regression 
coefficient (r = 0.79) that Chanson's equation achieved. They attributed the error to the 
heterogeneous data Chanson used to develop the equation. Some of the data points correspond to 
stepped gabion weirs. These, they argue, will have different flow characteristics than an 
impermeable concrete cap. For that reason, Mondardo and Fabiani (1995) gave separate equations 
describing the transition. For concrete or smooth steps they proposed: 
with r = 0.92, and for gabion chutes they suggested: 
with r = 0.95. 
Chanson (1995) warns that care should be taken using any of the proposed equations, because 
they provide only estimates. There was a limited amount of data to regress all of the above 
equations and more data would be necessary to validate a representative equation (Chanson, 1995). 
2.3.4.2 Energy Dissipation for Stepped Structures 
Relationships describing the energy dissipation for stepped snuctures are necessary to 
formulate stepped spillway designs. There has been some equations proposed in an attempt to 
satisfy that need (i-e. Rajaratnam, 1990; Peyras et. al., 1992; Chamani and Rajaratnam, 1994; 
Chanson, 1994a7b). Unfortunately, for every equation developed there seems to be some 
conea&cting data (emg.Christodoulou, 1993). This, ingeneral, hasto do with h e  two &fferent 
flow regimes, and theref ore, the two different dissipative phenomena that occur in stepped -
structures. Some of the main observations concerning energy dissipation and a description of the 
equation developments, will be presented herein. Then the dissipative characteristics that are 
accepted by the majority will be summarized. 
Sorenson (1985) observed excellent energy dissipation over his stepped spillway model. The 
majority of the flows that he analyzed were in the skimming flow regime. His model, which 
consisted of 58 steps at an approximately 38' slope, showed significant velocity reductions at the 
toe of the spillway when compared to a smooth spillway. This included a 2.8 to 3.0 reduction in 
velocity for the larger discharges and a 4 fold decrease at the lower discharges. 
Rajaratnam (1990) developed an equation describing energy dissipation for the skimming flow 
regime. He achieved this by assuming that the flow becomes fully developed after it has 
proceeded over the first few steps. By quantifying the shear stress, and therefore, frictional loss, 
the energy dissipation was calculated. Rajaratnarn (1 990) used Sorenson's (1 985) measurements 
to calculate a representative coefficient of fluid friction. 
Christodoulou (1993) found the energy hssipation in the skimming flow regime, for a much 
smaller amount of steps, to be significantly less than Sorenson's (1985) data. This also disagrees 
with Rajaratnam's (1990) equation. Christodoulou's (1993) experiments were conducted at a 
similar slope, and therefore, similar h/l ratio as Sorenson (1985), but for 10-13 steps instead of 58. 
This would seem to demonstrate that the relative head loss is a function of the number of steps 
(Christodoulou, 1993). 
Peyras et. al. (1992) found 3,4,  and 5 stepped porous gabion weirs aided in dissipation by up 
to 10% over an impermeable stepped face. This was ataibuted to the flow resistance generated by 
flow through the porous media. Peyras et. a1 (1992) also observed a much higher dissipation for 
the nappe flow regime over the skimming flow regime. 
Stephenson (1991) gave some pertinent observations for the design of a stepped spillway 
under nappe flow conditions. He suggests that the greater the l/h ratio is, and consequently the 
smaller the slope of the step tips, the greater the dissipation. Where it is feasible and cost effective, 
Stephenson (199 1) suggests a stepped slope of 1 on 5 to achieve excellent dissipation under the 
nappe flow regime. 
Chamani and Rajaratnam (1994) developed an equation describing energy dissipation for the 
nappe flow regime. By introducing an average relative energy loss per step, they were able to 
obtain the total energy loss by summing the individual losses. Chamani and Rajaratnarn's (1994) 
equations compared favorably with early experimental measurements. 
Chanson (1994a,b) presented energy dissipation equations for the nappe flow regime as well 
as the skimming flow regime. The nappe flow equation was developed assuming fully developed 
hydraulic jumps (see figure 2.4), while the skimming flow equation was developed assuming fully 
developed normal flow. Chanson's (1994a,b) equations compared favorably with the previously 
discussed data and other data sources. Comparison of the two equations lead Chanson (1994a,b) 
to conclude that greater energy dissipation is achieved for the nappe flow regime over the 
skimming flow regime at small dams, while on the other hand, there is greater energy dissipation 
for the skimming flow regime for large dams (H,,,/& > 35). Some researchers question the 
validity of the latter part of the previous statement (e-g. Chanson, 1995)' but for the design at 
Yorkville dam (i.e. a low head structure) the greatest dissipation will be achieved for the nappe 
flow regime. Thus, it is not important for this analysis to justify maximum energy dissipation for 
large dams. 
Chanson (1995) states that although there are some discrepancies among researches on some 
issues related to stepped structures (i.e. the equations describing the energy dissipation and the 
transition for nappe to skimming flow, and the flow regime which renders the maximum 
dissipation), there are some conclusions that are widely accepted. It seems all researchers agree 
that there are larger rates of energy dissipation for stepped spillways than smooth chutes. They 
also agree that if the height of the spillway is kept constant, the energy dissipation decreases with 
an increase in discharge, and alternatively, the energy dissipation increases with an increase in dam 
height if the discharge is kept constant. Lastly, most researchers find that it is appropriate to 
consider the residual head (i-e. the energy remaining at the toe of the structure), when analyzing 
energy dissipation. 
2.3.4.3 Previous Experience with Stepped Structures 
Using stepped structures for hydraulic release is not a new concept. The fust known stepped 
structures were built in 694 BC on the Khosr River in Iraq (Chanson, 1994a). A little later in 
history, it seems that the Romans used stepped overflow structures (Chanson, 1994a; Frizell, 
1992). In the early 1 9 0 0 ' ~ ~  The most recent there were stepped masonry dams in the US. 
rejuvenation of stepped structures for hydraulic release seems to be attributed to the roller- 
compacted concrete (RCC) method of conshxction (Frizell, 1992). In this section of the report, 
some of the most recent stepped structure experimental observations and model studies will be 
presented. Energy dissipation is the primary objective for the stepped designs. This, 
consequently, either cuts down on the stilling basin design and/or eliminates the existence of a 
roller at the toe of stepped Structures. 
Sorenson (1 985) developed a stepped spillway for the Monksville Dam in New Jersey. He 
conducted a Froude scale model study at a 1: 10 and a 1:25 scale. The 120 foot Monksville Dam 
model was designed with 58 steps imposed into the standard WES profile. Sorenson (1985) was 
especially interested in designing a smooth flow transition when the falling nappe encountered the 
fust few steps. He noticed that a thin sheet of flow deflected off the first step and reattached to the 
structure several steps down the slope for low discharges. Since this was unacceptable, he solved 
the problem by adding a few smaller steps up the face of the profile. Stephenson (1 99 1) found the 
same problem and corrected it in the same manner. Sorenson (1985) concluded that the stepped 
spillway dissipative characteristics are comparable to those of a smooth spillway with a hydraulic 
jump stilling basin. Sorenson (1985) observed flows mostly in the skimming flow regime, as 
discussed previously. 
Frizell (1992) discussed the use of RCC to fabricate stepped structures. Frizell (1992) 
presented a table that lists 15 dams which utilize steps for energy dissipation. This list includes 
dams in the U.S., Africa, Australia, and France. Frizell (1992) also highlighted some of the 
research the Bureau of Reclamation, was and still is, conducting to aid in the design of these 
stepped structures. Laboratory observations were conducted for stepped overlays that are used on 
the face of embankment dams. These observations aid in the design of new embankment dams, 
as well as the maintenance of old dams which are no longer able to store the probable maximum 
flood (PMF). 
Frizell et. al. (1994) continued observations for the step overlays. After completion of the 
laboratory experiments, the researchers conducted field observations on a stepped overlay. They 
found the overlay to be a stable and an efficient energy dissipator, just as the laboratory 
experiments suggested. The extra dissipation that the steps achieved significantly reduced the 
stilling basin design (Frizell e t  al., 1994). 
As discussed in Section 2.3.4.2, Peyras e t  al. (1992), conducted model tests for the design of 
stepped gabion snuctures. This was primarily motivated by the use of gabion structures in the 
Saheliam area of Akica. He conducted observations on a 1:5 scale model with step slopes of 1 on 
1, 1 on 2, and 1 on 3. Three, four, and five step arrangements were tested. Peyras et. al. (1992) 
found that proper construction of the stepped structures could withstand flows up to 3 m3/s/m 
without damage. This is clearly safer than a smooth gabion slope which will not accept flows 
greater than 1m3/s/m. Peyras et. al. (1992) suggests that the steps give extra dissipation that will 
decrease the necessary stilling basin length by 10 - 30%. This, he states, will reduce the project 
cost by 5 - 10%. 
Davis and George (1985) conducted a 1:30 Froude scale sectional model of the Little Falls 
Darn. The Little Falls Dam is a low overflow structure with a 12.4 ft elevation difference between 
the top of the spillway and the downstream bed. The original dam contained an end sill which 
aided in energy dissipation. The existence of the end sill coupled with the hydraulics of the 
spillway (i.e. water elevations) caused a strong roller. From 1975 to 1983, seventeen people 
drowned- at the dam. In order to eliminate the dangerous roller, Davis and George (1985) tested 
three modifications. One of the modifications was a deflector plate at approximately 2 ft below the 
top of the dam. Davis and George (1985) hoped the plate would direct the flow along the 
downstream surface and eliminate the existence of a roller. This arrangement created good results 
for some of the tailwater elevations, but not for others. Of the three modifications, the deflector 
plate was the most sensitive to tailwater conditions. For this reason Davis and George (1985) 
concluded that the deflector plate should not be considered as an alternative. The next modification 
was a 4H: 1V sloping boulder surface. This moMication eliminated the existence of the roller, but 
it was unsure how feasible it was. To insure the rock stability at large discharges, the diameter of 
the boulders were found to be 5 ft. Davis and George reasoned that this large diameter, and 
therefore, weight of each rock would be difficult to work with (if they were even available). The 
last, and recommended, modification that the researchers tried was a stepped spillway. The steps 
were fabricated with numerous grout-filled bags (that were sized large enough to insure stability). 
The step tips formed a 4H: 1V slope down the face. This modification also eliminated the roller, 
and seemed more feasible to the researchers than the rock slope because the bags could be placed 
and then filled in situ. 
Dodge (1989) conducted a 1:35 Froude scale model study of the Roosevelt Diversion weir. 
The low overflow dam, which drops from a spillway top elevation of 2180.25 ft MSL to a 
downstream elevation at approximately 2 173.00 ft MSL, contains a hydraulic jump stilling basin 
with an end sill. While the as-built structure performed well hydraulically, it did not perform 
safely. The Roosevelt Diversion weir had the same problem as the Little Falls Dam. The end sill 
promoted a keeper roller which tended to capture swimmers and boaters. 
The Froude scale model of the existing spillway demonsaated th :power of the keeper roller. 
This was accomplished by introducing a scaled kayak and observing the severity of the existing 
flow structure. Dodge (1989), with the objective of removing the rolle-; then tested numerous step 
configurations. To check for the safety of each alternative, the kayak was also introduced. The 
fmal suggested design consisted of one 3.25 ft high step followed by four 1 ft high steps. The 
lengths of the steps decreased down the spillway with h/l ratios of 0.31, 0.16, 0.21 and 0.33, 
respectively . 
2.4 Conclusions 
The precehng literature review described the work that has been presented on submerged 
hydraulic jumps and the designs to eliminate them. The primary objective of this study is to 
design a structure that eliminates the submerged jump at the Yorkville Dam (a low overflow 
structure). It is clear from the literature that there is no set design criteria for this task. Some of 
the aforementioned studies discuss designs for stepped chutes, riprapped slopes, labyrinth weirs, -
and grouted stilling basins, but it would be difficult to promulgate a design from the limited 
amount of data without a design validation. When considering the use of a stepped structure, there 
is more data and equations available, but most of them are not applicable to low overflow 
structures. For these reasons it was necessary to conduct a physical model study for the Yorkville 
Dam to fmd an alternative that offers the most appropriate solution. 
3. Model Design 
3.1 Froude Similarity 
Both geometric 2nd dynamic similitude must exist between model and prototype to obtain 
accurate flow characteristics and measurements in a hydraulic model study. When gravitational 
forces clearly predominate, which is the case with most-open channel hydraulic structures, 
similarity can be established by equating the ratio of inertial forces to gravitational forces in the 
model to the same ratio in the prototype. The Froude number (F,) is the dimensionless parameter 
that gives the ratio between inertial forces and gravitational forces. It is written as: 
F, =- v - inertialf i - gravitational 
-
where V is the mean flow velocity, H is the mean flow depth, and g is the gravitational 
acceleration. Similarity is then achieved when the Froude number in the model is the same as the 
Froude number in the prototype. 
A geometric length scale of 1 to 9 was chosen to satisfy all the facility constraints in 
Hydrosystems Laboratory. This relatively large scale also allowed all flow patterns to be visible 
over a wide range of conditions. The 3 ft wide sectional model therefore, corresponds to a 27 ft 
wide section of the spillway. The homogenous flow characteristics in the prototype, along the 
whole spillway crest, justify the use of a sectional model. Using the Froude number and the 
selected length scale, the model and prototype parameters were quantified with the following 
similimde relationships: 
where, 
L, = lenbgh ratio 
Ar = arearatio 
VI, = volume ratio 
Tr = timerado 
V, = velocity ratio 
q, = specific discharge ratio 
From this point fonvard, the subscripts m and p refer to model and prototype respectively, and the 
subscript r denotes the ratio between model and prototype. 
3.2 Movable-Bed Similarity 
A movable-bed was employed to study the scouring characteristics of the flow. Sediment was 
scaled to match the sediment transport characteristics of the existing bed material. This included -
the present day riprap as well as the existing bed sediment before the riprap was put in place. 
Physical movable-bed modeling is as much an art as it is a science, and different criteria have 
been developed over the years by different schools. Herein, a criterion previously used with some 
apparent success for solving sedimentation problems in midwest streams with the help of 
movable-bed models, is used (Parker et al., 1988). It involves the so called bed shear velocity u*, 
a surrogate for quantifying flow-induced bed shear sness, and the sediment fall velocity V, in a 
quiescent fluid, which is indicative of the hydraulic behavior of the sediment material maldng up 
the river bed Then the criterion used in this study to scale the sediment is given by: 
Prototype sediment samples (beyond the riprapped area) were collected by the Urbana office of 
the USGS and they were analyzed to determine particle size disaibutions. From the sediment 
samples, an average sediment gradation was developed and the corresponding fall velocity of each 
gradation increment was computed with the aid of figure 3.1. An average prototype friction 
velocity was determined using USGS discharge measurements on the Fox River and open channel 
flow relationships. Then the model friction velocity was computed using Froude similarity (a 
detailed discussion for the friction velocity computations is included in Appendix A). Finally, the 
corresponding model terminal fail velocity was calculated using equation 3.8. From that value, 

figure 3.1 was used to determine the model particle diameter corresponding to the computed 
terminal fall velocity. 
A local construction material distributor supplied the necessary sand and gravel which was 
used to develop the model sediment. After laborious sediment sieving and mixing, the final model 
sediment gradation was developed. Figure 3.2 contains the average prototype sediment gradation, 
the corresponding scaled gradation, and the model sediment gradation that was used. The model 
gradation used agrees favorably with the scaled gradation. The scaled gradation and the model 
gradation corresponded to a D50 (diameter for which 50 % of the sediment is smaller by weight) 
of 2.07 mrn and a 2.31 rnm, respectively, while the prototype had a D50 of 13.43 mm. 
The original designs for the riprap were attained along with the design gradations. Since, the 
riprap is so coarse, it was scaled geometrically. The g e o m e ~ c  scaling of the riprap can be justified 
by once again refemng to figure 3.1. For the coarser material, the particle fall velocity scales with 
Since the friction velocity was scaled with Froude similarity, also (see appendix A) the 
scaling relationship (equation 3.8) agrees with Froude similarity. Therefore, the riprap can be 
scaled geomenically (i.e. scaling by equation 3.8 would compute the same diameters as geometric 
scaling, so either one could be used). Notice that the fall velocity of particles coarser than 
approximately 1 mm follows Froude similarity, but for particles with mean sizes smaller than 
approximately 1 mrn geometric scaling would not give the correct sediment size for a movable-
bed model. This is precisely why the original sediment was scaled using equation 3.8 and not by 
geometric scaling (i-e. some of the particle diameters were less than 1mm). 
Figure 3.3 contains the design riprap agradations (recall there were two riprap types, figure 1.5), 
the scaled riprap gradation, and the modeled riprap. Table 3.1 contains the Dgg, D50, and Dl0 for 
the two types of riprap. The modeled riprap type 1 compares quite favorably to the scaled 
Riprap Type 1 Riprap Type 2 

Prototype Scaled Modeled Prototype Scaled Modeled
I Diameter (cm) (mm) (mm) (cm) (mm) (mm) 

D(10) 6.89 7.65 10.34 14.84 16.49 26.74 

Tabfe3-1: D90, D50 and Dl0 for riprap type 1 and riprap type 2. 

gradation. On the other hand, the modeled riprap type 2 showed some variability from its 
corresponding scaled gradation. The rock used to model riprap type 2 was the only one 
commercially available that was close to that size. Nevertheless, the main objective, which was to 
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Figure 3.3: 	Type 1 & 2 design riprap, the corresponding scaled 
riprap and the modeled riprap gradations. 
develop a scour hole in the model that was geometrically similar to the existing prototype scour 
hole, was accomplished (as it will be shown later). 
3.3 Laboratory Setup 
The hydraulic model was consmcted in a 64 feet (19.5 meter) long by 3 feet (0.9 meter) wide 
tilting flume at the Hydrosystems Laboratory of the Civil Engineering Department on the campus 
of the University of Illinois at Urbana-Champaign. For the first 16.4 feet (5 meters) of the channel 
the Plexiglas sidewalls are 4 feet (1.22 meters) tall, while the remaining 47.6 feet (14.5 meters) of 
the channel have 2 feet (0.61 meter) Plexiglas sidewalls. A schematic of the laboratory setup is 
shown in figure 3.4. Water was supplied to the channel from a constant head tank. After entering 
the channel, it passed through a series of honeycomb grids which straightened the flow so that it 
was uniformly distributed across the channel width. The flow passed over the experimental 
section, the spillway and movable bed, and exited the channel over a hydraulically operated tailgate 
which helped in controlling tailwater elevations. The flow leaving the flume entered a large sump 
below the laboratory floor, where it could be recirculated to the constant head tank with a set of 
pumps. 
An angled manometer and an upright manometer each filled with fluid having a specific 
gravity of 1.75, were utilized to measure flow rates. The measured pressure differentials from an 
elbow in the flow line were calibrated with a set of weighing tanks. The two manometer setups 
were necessary because of the range of flows studied. The angled manometer was utilized for the 
lower flows, while the upright manometer was utilized during higher flows (the angled manometer 
was disengaged with a valve at the higher flows to prevent fluid kom blowing out of the tubes). 
The channel bed was set horizontal. The slope of the channel would not play a large role in the 
scouring process of the spillway, so a slope adjustment was not considered necessary. The 
sectional model was placed 12.4 feet (3.78 meter) from the honeycomb grids. The model 
placement in this portion of the channel allowed a larger model scale, because the pool water 
elevations were higher than the tailwater elevations for all flows tested. The higher pool water 
could utilize the exaa height given by the 4 feet (1.22 meter) sidewalls. It also allowed for the flow 
structure and scouring process just below the spillway to be more visible than would have been 
possible with the 2 feet (0.6 1meter) sidewalls. 
The 1:9 scaled model was constructed from the dimensions given in figure 1.4. Prototype 
surveys suggested that neither of the scour holes had reached an elevation below 561.00 feet MSL. 
For this reason, the model was constructed down to a prototype elevation of 560 feet MSL. The 
prototype s w e y s  also demonstrated that the bed beyond the scour hole is at an average prototype 
elevation of 569.00 feet MSL. For the 1:9 scale, this meant that the bed surface was 1foot above 

the channel bottom. The modeled sedment was originally placed downstream of the spillway at 
this level for the first calibration run, as well as the first experimental runs, for each alternative. 
For the riprap calibration, the rock was placed as described by the original designs in 1977 
(IDOT). Upstream from the model section, a coarse pea gravel was placed to a prototype 
elevation of 569 feet MSL. This simulated the upstream river bed 
To aid with the model measurements, two moveable point gages were employed along the 
channel. One was placed upsneam and one downstream of the spillway. A stationary point gage 
was placed well downstream to measure tailwater elevations. Prototype pool water and tailwater 
elevations were obtained from HEC-2 simulations provided by the Illinois DNR. These 
simulations were verified with actual discharge measurements taken by the IDOT Division of 
Water Resources at Yorkville Dam. Figure 3.5 contains the pool water (figure 3.5a) and the 
tailwater (figure 3.5b) rating curves. These relationships were scaled down and used in the model. 
All measurements in the model were referred to the top of the spillway. Since, this elevation is 
known (575 ft MSL), and would not change, it seemed to be the easiest benchmark to use during 
the experiments. 
The setup for each experiment was first started by filling up the channel from downstream 
with a hose to a level well above the expected tailwater elevation. This was necessary because if 
the unprotected downs~eam bed was subjected to a direct flow discharge, there would have been a 
luge  m-ount of scour. This would not have been representative of the scour that would occur 
when the nappe was plunging into the tailwater. Next, the stationary point gage was set to the 
scaled down tailwater elevation. Then, the flow from the constant head tank was turned on and 
adjusted until it had reached the target discharge. Lastly, the tailgate was lowered until the tailwater 
elevation matched the stationary point gage reading. If the model is operated correctly, the 
tailwater (at reasonable distance downstream from the hydraulic jump) would attain normal flow 
conditions. 
To get an idea of the magnitudes of the flows that the Yorkville Dam encounters, flood 
frequency calculations were obtained. Table 3.2 lists computed return periods for the Yorkville 
reach. Included in the table are the Corps of Engineers simulated discharges, return periods 
calculated by the DNR, and the return periods computed assuming a Gumbel distribution. The 
Corps used a HEC-2 model for the Fox River Watershed along with 24-hour rainfall amounts 
from the U.S. Weather Bureau Technical Paper No. 40 to develop the flood insurance analysis 
(IDOT, 1995). The DNR used the HEC Flood Frequency Analysis computer program to obtain 
their values. The values were computed using a skew coefficient of -0.40 for the Log-Pearson 
Type 111Distribution. The Gumbel Distribution return periods were obtained by using a graphical 
procedure and Gumbel probability paper. The Corps of Engineers estimations are the most 
conservative of the three. 
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Firrure 3.5: Prototype rating curves for (a) the upper pool, anda 

(b) the tailwater. . 
I Return Period Corps of Engineers FFA Program Gumbel Dist. 
500 22615 13600 15600 
Table 3.2: Computed return periods for the Fox River at Yorkville, IL. 
3.4 Model Construction 
The model spillway was constructed in the shop of the Civil Engineering Department. The 
model cross section was cut into numerous plywood sheets. The plywood sheets were then 
fastened together to a width of 3 feet (0.9 meter). Concrete was then poured into the form until the 
spillway section took the scaled Yorkville Dam shape. 
4. Model CaIibration and Verification 
4.1 0riginal Scour Hole Development 
Once the model was constructed, the calibration process fxst started. Proper calibration of the 
model was necessary to verify that any experimentally tested model modifications would produce 
the same characteristics in the prototype. During model calibration and verification of the 
Yorkville Dam, an attempt was made to reproduce the original scour hole (1976 survey, see figure 
1.5). Tailwater measurements were made along the channel to ensure the flow was at, or near, 
normal flow conditions. Flow depth measurements in the upper pool were also made, and the 
scour holes were surveyed so that both could be compared with the corresponding prototype 
values. Table 4.1 lists the experimental conditions for the original scour hole calibration analysis. 
Appendix I3 contains a list of all the experiments done during the study. From this point onward, 
any values given co~~espond to the prototype, unless otherwise specified. 
Discharge Tailwater Elev. Tailwater Depth 
Experiment (cfs) (ft MSL) (ft> 
A 2021 570.68 1.68 
I I 
Table 4.1: Experimental conditions for the original scour hole calibration. 
The scaled sediment (see figure 3.2 and section 3.2) was placed in the channel to an elevation 
of 569.00 ft MSL. The fxst two experiments, experiment A and experiment B, were primarily test 
runs. After those two experiments, the final methodology for model operation was set (see section 
3.3 for the discussion of model operation). The model setup for experiment A and B was similar, 
but not identical to all the other experiments. The model was started in the same manner as all the 
other experiments, but the tailwater was not adjusted to a ftved elevation. It was instead adjusted 
until the flow had approximately reached normal depth (it should be noted that perfect model 
construction would ensure both methods would give the same results). Nevertheless, the 
measurements taken from these two experiments are useful and will still be summarized. 
Due to sedunent sorting during the scouring process, it was origir.ally thought that it would be 
necessary to replace the sediment after each run with the original gradbition. It eventually became 
obvious that complete replacement of the sediment in the channel was very time consuming. For 
this reason, the remainder of the experiments were run in a consecutive s.:quence. The bed was set 
at an elevation of 569.00 ft MSL, and the lowest discharge was studied %st (1000 cfs). For this 
series of experiments the water was turned off after the scour hole had reached an equilibrium 
shape, and then the scour hole was surveyed. With the scour hole still pi s e n t  in the channel, a 
higher flow was then discharged over the spillway (6000 cfs). That scour hde  was sweyed,  and 
then the next discharge was studied (10000 cfs and then 15000 cfs). The above stepwise 
development was justified because it was known that the scour hole for the sediment would get 
larger for a larger discharge. Since the scouring rate was not as important as the final scour hole 
dimensions, it did not matter what size the hole began, but rather that it became larger and reached 
the equilibrium for that flow condition. 
Dluing each experiment, pictures were taken from the side of the experimental section at 
approximately half-hour increments. Each subsequent picture was taken from the same distance, -
and therefore, contained the same dimensions as the preceeding pictures. The pictures were then 
analyzed to make sure the experiments were run long enough to achieve equilibrium. It was 
discovered that operating the model for 3 hours was sufficient enough time to develop, within 
reason, equilibrium conditions. This corresponds to a prototype elapsed time of about 9 hours 
@om equation 3.5). 
4.1.1 Scour Hole Description and Measurements 
Even for the lowest flow there was a considerable amount of scour below the spillway (i-e. 
1000 cfs). It was clear that all the plunging flows down the face of the spillway conveyed a shear 
stress above the critical shear mess, and that sediment transport was initiated. For all the flows, 
the scouring process began as soon as the water was discharged over the spillway. Lowering of 
the tailwater to the final position only increased the amount of scour. Initially, it appears that all 
sediment sizes were scoured out. As the scour hole became deeper, the larger sediment was not 
able to escape and consequently began to circulate in the rolling motion of the flow. Therefore, the 
sediment was sorted and the coarsest material remained inside the hole, resulting in the armoring 
of the scour hole. The sediment that was able to escape the scour hole moved down stream in the 
form of a delta. As more sediment was eroded from the hole, it moved along the surface of the 
delta and eventually deposited in front of it. As the supply of sediment continued, the delta moved 
father downstream. Most of the fine material left the scour hole leaving behind only the coarsest 
material. Since, the flow &d not have enough energy to move this material outside of the scour 
hole it eventudly reacheci an equilibrium. 
The higher the amollnt of energy the flow possessed, the larger the scour hole it could develop. 
Even though the tailwater was rising with an increase in discharge, it was not enough to cushion 
the scouring action o' the plunging nappe. Figure 4.1 depicts the scouring action for a 6000 cis 
discharge. If one locA<s closely at the face of the scour hole, it is clear that only the coarser gravel 
remains. It is also I ossible to see that this flow generated a good amount of air entrainment. If 
one looks at the pl- ,to, with a little imagination, it is possible to distinguish the circular motion 
inside the scour hc ie. Figure 4.2 depicts the scouring action for a 15000 cfs discharge. For this 
flow, the scour ho-e has increased a good amount The jump is so submerged that there is not a lot 
action inside of ihe hole. At this flow depth the discharge over the spillway is such, that the 
situation is sirnil: r to that of Case D in figure 1.2. 
As discusse i pre~iously, the flow for each experiment was turned off after the scour had 
reached an equilibrium. -7lne scour hoie was [hen surveyed using a Kenek, model WE-20ic, bed 
profiler.- The profiler had a mechanical head that measured from a set elevation to the bed 
elevation. The proflcr was calibrated with the top of the spillway. Figure 4.3 contains the surface 
profiles for the six cxperirnents run in this portion of the study. All length scales where made 
dimensionless with ihe height of the spillway (upstream height, which equals 6 ft in prototype and 
0.667 ft  in the modd), and all elevations are referenced to the top of the spillway. This places the 
top of the spillway at a dimensionless elevation of 1.0, and the original bed at a dimensionless 
elevation of 0.0. 
Figure 4.4 compares the experimentally generated scour holes to the dimensionless plots for 
both the original scour hole (1976) and the riprapped scour hole (1 991). One might notice from 
figure 4.4 that the surface of even the largest discharge (15000 cfs), which corresponds to the 50 
year flood by the Coi-ps of Engineers caiculations, does not compare that favorably to the 1976 
scour hole. It snould be noted, that the maximum discharge the Yorkville Dam has experienced 
was 9820 cfs in 1973. One might also notice that the surveys for the 7000 cfs, 10000 cfs, and 
15000 cfs discharges show that the scour hole had reached the bottom of the channel, whereas the 
prototype scour hole had not scoured to that elevation. 
It seem that there two reasons -why hescour holes do not match up. It is possible 
that the present day sediment is not representative of the sediment that was originally present at the 
spillway (i-e. from 1960 to 1976). The original material might have consisted of a finer sediment 
that has since completely washed downstream, leaving behind only the coarsest material. The 
other reason why the scour hole in the prototype is larger, is because the modeling is being done 
for normal flow conditions. The tailwater did not instantaneously reach an increased elevation 
when the discharge over the spillway increased at Yorkville Dam. It took time for the tailwater to 
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Figure 4.4: Prototype and experimental scour holes. 
adjust. While the tailwater was adjusting to its new elevation, the flow was scouring to an 
increased amount, as compared to the scour that occurs for the higher tailwater. There is no 
reasonable way to model the hydrograph of the prototype, and therefore, the variation in tailwater. 
Overall, though, the scour holes did show a shape similar to that of the prototype, and developed 
the same conditions that are present today (i. e. the "hydraulic"). Observations of the "hydraulic" 
for the sediment scour hole will be discussed in the next chapter. 
4.1.2 Tailwater and Pool Water Measurements 
After the model was started, and the tailwater elevation was set, tailwater elevation 
measurements were made with the moveable point gage. Figure 4.5 contains a plot of the 
measured dimensionless tailwater elevations for each experiment compared to the HEC-2 
simulated prototype elevations. The elevations were measured downstream of the hydraulic jump 
and then made dimensionless with the spillway height. The streamwise length was made 
dimensionle_sswith the spillway height, also (6 ft in the prototype). The plot clearly shows that no 
backwater effects were noticed over the first 171 feet (52 meters) of the reach. This is a good 
indicator that the model was operated properly. 
Table 4.2 contains the spillway head values (made dimensionless with the spillway height) as 
well as those estimated with HEC-2 in a tabular form. Figure 4.6 contains a plot of the measured 
dimensionless heads on the spillway for the range of discharges studied. The measured head is 
compared to the simulated heads obtained from HEC-2. In the model, the pool water elevations 
seem to be a little higher than the corresponding elevations in the prototype. ,The difference 
between the two, seems to be larger at lower flows than higher flows. 
Measured Prototype 
Discharge Head Head 
Experiment (cfs) (ft) (ft) 
A 2021 1.224 1.035 
Table 4.2: Measured pool water heads and the correspondmg 
prototype values. 
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Figure 4.6: Model and prototype dimensionless spillway heads. 
4.2 Riprap Failure 
For the next part of the study, an attempt was made to develop the riprapped scour hole that 
was present in 1991 and is still present today. The model was setup using the original designs that 
were implemented from 1977-1978. Figure 1.5a is a schematic of this design. The scaled riprap 
(see figure 3.3) type 1 was placed to an elevation of 566.00 ft MSL. Then the scaled riprap type 2 
was placed over top of the riprap type 2 to an elevation of 568.00 ft MSL. The first flow discharge 
studied for  this arrangement was 1000 cfs. For subsequent experiments, the discharge was 
increased only slightly so that the threshold for the riprap scour could be assessed, and 
observations of the amount of scour for each discharge could be made. The major observations 
for each discharge are summarized in Appendix B. 
A 1000 cfs discharge was not enough to move the riprap at all. At a discharge of 3000 cfs the 
rocks did start to move. This magnitude of flow was enough to make the rocks vibrate in place 
causing some of them to slowly roll away from the face of the spillway. At 4000 cfs, the 
"vibration" -was becoming more obvious and there was a little more scour. At 5000 cfs the rocks 
were moving a little more. At this point, there was still not enough scour to reach riprap type 2, 
though. All the rock that was removed from below the spillway was mounding up behind the 
scour hole. A 7000 cfs discharge was enough to expose riprap type 2. It would seem though, the 
shape of the scour hole and flow smcture were not at the right condition for the removal of riprap 
type 2 from the scour hole. At 9000 cfs the tailwater was starting to get quite high. There was not 
as much aeration as in the previous flows, but there was still some scour. From the side, this flow 
did not look as violent as some of the lower flows. The 9000 cfs flow had enough energy to start 
lifting the second layer of riprap out. At 10000 cfs the mound of scoured material was starting to 
become quite pronounced. The scour hole was growing more and more. 
The scour hole developed by 10000 cfs was a good place to survey the hole, because the 
highest discharge that the Yorkville Dam had witnessed since the riprap placement was 9350 cfs. 
The comparison of this survey to the prototype survey, which is included in figure 4.7, showed 
that the scour hole in the model was still smaller than the measured scour hole in the prototype. 
This seemed to be odd at first, because the modeled riprap was smaller than the corresponding 
scaled down prototype riprap. 
Shortly after the 10000 cfs scour hole was developed, the model was run at 5000 cfs as a 
demonstration for a class. It became apparent very quickly that the 5000 cfs flow rate was 
scouring an even larger hole. It had seemed that the exposure of the riprap type 2 and the lower 
tailwater elevation (i-e. the tailwater acts as a kind of cushion to the falling nappe) developed 
conditions for scour at a lower discharge. The shape of the scour hole at 5000 cfs seemed to be 
more vertical in nature. That is, the flow scoured deeper, but not farther downstream. The survey 

after 5000 cfs is also included in fiagure 4.7. 
Next, it was decided that a 10000cfs flow might widen the scour hole. It was felt that the 
higher velocities could shear the mound of sediment built up behind the hole and move it 
downstream. The 10000 cfs discharge did exactly that. Comparison of the scour hole, after this 
chain of discharges, with the prototype scour hole still showed the scour hole was a little smaller, 
though (figure 4.7). After this comparison it was concluded that it would be impossible to all 
the ckfferent flow combinations that could have caused the scour (i.e. the change in discharges and 
tailwater elevations) However, it was clear that periodic variations in discharge do have a widening 
effect. It would seem that the lower discharges in the prototype scoured the hole deeper, and then 
some time later a larger discharge might have widened the hole. These two events could have 
occurred any number of times, until the hole reached its present day size. This suggests that the 
scour hole in the prototype may not have met an equilibrium, yet. It could still scour to a greater 
extent while going through the above mentioned process. 
Included as figure 4.8 is a picture of the riprap scour at 7000 cfs. Figure 4.9 presents the scour 
hole that was generated at 10000 cfs the second time (1000-10000 cfs, 5000 cfs, 10000 cfs). -
Figure 4.10 is the scour hole generated at 15000 cfs. Notice the large mound behind the scour 
holes for the 7000 cfs and 10000 cfs scour holes. Also, notice how this mound is pushed 
downstream and the scour hole is widened for the 15000 cfs scour hole. 
Figwe 4.8: Riprap scour at Q = 7,000 cfs. 

Fi-oure 4.9: Riprap scour at Q = 10,000 &. 


5. Roller Characteristics 
5.1 "Boil Barrier" 
The development of a submerged jump inside of a scour hole creates the same conditions, (i-e. 
a roller) that have been discussed in the literature review but its overall shape seems to be different 
Figure 5.1 contains a schematic of the submerged jump/roller for the scoured bed condition at the 
Yorkville Spillway. The plunging flow rides along the face of the scour hole, and once it has 
reached the top of the hole on the downstream side, it has a strong vertical component. This 
vertical component eventually intersects the surface of the water. Subsequently, a form of a boil 
develops. The boil, which occurs at a short distance downstream from the spillway, rises the 
water above the normal flow depth. This elevated flow acts as a barrier to anything that may be on 
the water surface. The rolling action of the flow underneath the surface, coupled with this banier, 
enables the flow structure to capture objects such as a boat, a tree branch, other objects in the flow, 
or a person. 
The boil is present for all discharges, but tends to become less noticeable at the higher 
discharges. An increase in discharge, which in turn generates more scour, pushes the face of the 
scour hole farther downstream. This in turn pushes the "boil barrier" downstream, too. The water 
now has a longer path to follow, and does not elevate as high as it did for the smaller more 
compact scour holes. It appears that the boil develops at the end of the roller. It seems that it 
marks the transition between a downstream directed surface velocity and an upstream directed 
surface velocity. The water surface between the boil and the spillway is directed back towards the 
spillway, and the water surface beyond the boil is directed downstream. 
From a visit to Yorkville Dam, it is clear that this flow pattern occurs not only in the 
laboratory, but also in the field. During a first visit to the dam, an automobile tire remained stuck 
inside the previously discussed barrier. It was impacted by the falling nappe and tumbled, but it 
could not escape over the top of the "boil barrier". A later visit to the dam, this time with a camera, 
captured this phenomenon (figure 5.2). It would seem that observation of this flow structure 
below a dam could be a good indication of a scour hole. It would also suggest that there may be a 
severe public safety problem (i.e. "hydraulic ") at that structure. 
"boil barrier" 
Figure 5.1: 	Submerged jump/roller for the scoured out 
condition at Yorkville Spillway. 

5.2 Submerged Jump in Sediment Scour Holes 
As seen in section 4.1.1, even at 1000 cfs a scour hole did develop below the spillway. This 
discharge is representative of a summer time flow. People have drowned at the smcture when 
flows were even less than this (see table 1.1), so it is known that the prototype can generate the 
dangerous roller even at this low of a flow discharge. In the model, an approximately scaled boat 
(a piece of plywood cut into a shape of a boat that would be 9 ft long with a maximum 3 ft wide 
section in the prototype) was introduced over the spillway to assess the capture capabilities of the 
flow structure. For all flows during the sediment scour calibration, experiments A and B and 1-4, 
the boat was captured at the toe of the spillway and consequently inside the boil. At 1000 cfs, the 
boat just fit between the boil and the spillway. The falling nappe would impact the boat and cause 
it to wobble back and forth. The boil banier kept the boat from wobbling too far. The impact of 
the boat with the barrier caused the boat to move back towards the spillway, only to be impacted 
again by the falling nappe. The roller was well defined below the surface by the motion of 
entrained air bubbles and the motion of the coarser sediment that remained in the scour hole. 
At the next highest flow (6000 cfs), there was a much larger scour hole and roller. The boat 
would kequently become completely submersed (even to the bottom of the channel), rotate around 
in a chaotic manner, recirculate back to the falling nappe, and begin the whole process again. The 
roller was also clearly defined by the motion of the sediment and entrained air at 6000 cfs (see 
figure 4.1). The boat exhibited the same characteristics at the 10000 cfs discharge, too. When the 
boat was introduced at 15000 cfs the flow was less turbulent in appearance (compare figure 4.1 to 
figure 4.2) than the 6000 cfs and 1000 cfs flows, but it still flipped the boat around with the same 
amount of severity. 
It should be noted that the boat was able to escape a few times. The escape often occurred after 
the boat had already been tossed around for a while. It seems that the flow at the very bottom of 
the scour hole does not recirculate and is directed downstream (see figure 5.1). When the boat was 
lucky enough to ride one of these streamlines, it was able to escape. Research on the submerged 
jump for flat beds showed this same tendency (see chapter 2, specifically figures 2.la and 2.2). 
The actual depth of the downs~eam directed streamlines was not assessed in this research, but it is 
obvious that they exist. 
5.3 Submerged Jump Under Riprapped Conditions Without Scour? 
The introduction of the boat for the lowest discharge, 1000 cfs, under the 1977-1978 riprap 
design, demonstrated an unexpected observation. While the riprap had not scoured at all for this 
discharge, it was apparent that the flow had formed a roller. Entrained bubbles were clearly 
rotating in a circulating pattern below the water surface. Once the boat traversed over the spillway 
it was captured in the same manner as before. The turbulence that was generated for this flat 
riprapped bed was not as strong as the turbulence that was generated for the scoured out bed at this 
same discharge, but it was still intense enough to impact the motion of the boat. The boat 
remained next to the spillway until it was removed by hand. 
To explain why the flow generated this pattern, one must fxst consider figure 5.3. In figure 
5.3, the simulated tailwater depths are plotted for a bed elevation of 569.00 ft MSL. Plotted along 
with the expected tailwater depths is the curve describing the calculated conjugate depth for a flat 
bed. This was computed with Belanger's hydraulic jump equation. By definition, when the actual 
tailwater depth is lower than the calculated conjugate depth, the jump is considered to be swept out 
(Case A, figure 1.2). When the actual tailwater depth equals the calculated conjugate depth, the toe 
of the hydraulic jump should reside right at the toe of the spillway (Case B, figure 1.2). It then 
follows that a tailwater depth greater than the calculated conjugate depth would result in a 
submerged hydraulic jump (Case C, figure 1.2). The states that the hydraulic jump will undertake 
are subdi~ided in figure 5.3. 
With this in mind, one might recall that the riprapped design placed the bed at an elevation of 
568.00 ft MSL. Figure 5.4 contains the same plot as figure 5.3, but for a bed elevation of 568.00 
ft MSL. From this plot, one can see that all discharges will create a submerged jump when the bed 
is at this elevation. This clearly shows why the submerged jump developed below the spillway 
even for the 1000 cfs discharge. These results imply that even before the riprap had moved from 
below the spillway, the Yorkville Dam was a public safety problem. 
One ~ i g h trecall from the literamre sezch, that hydraulic- design in those times might have 
considered designing for a submerged jump. It is now clear that the design of an overflow 
structure, which is frequented often by the public, should strongly consider the existence of the 
submerged jump. The design should allow the submerged jump to occur only at infrequent events 
(i-e. very large discharges when nobody would be present), or not at all (i-e. with a modified 
spillway design which this study is predicated on). 
5.4 Submerged Jump Under Scoured Riprap Conditions 
It was discussed in section 4.2 that the riprap had already started to scour at a discharge of 
3000 cfs. At this flow, the boils were becoming very pronounced. The same condtions were 
starting to develop that occurred for the bed sediment scour. At 3000 cfs the roller was strong 
enough to capsize the boat and continue to turn it around. The impact of the nappe pushed the boat 
down into the roller, and the boat turned along with the submerged vortex while the boil hindered 
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Figure 5.4: Submerged jump for all discharges when bed is 
at 568.00 ft MSL. 
any escape attempts. Whenever the boat was pushed too far from the spillway the banier, along 
with the upstream directed surface velocities, pulled it back towards the spillway. 
At the higher discharges the boat was moved around more violently. The boat often impacted 
the spillway and even the bed. It was clear that the impact of the boat with the riprap also helped 
the scouring process. In the prototype there could have been any number of things that would 
have been swept around in the roller (i.e. tree branches) helping to promote the scouring process. 
An increase in discharge increased the amount of energy that needed to be dissipated. Therefore 
the roller needed to rotate faster and stronger. This increased the severity of the rolling process. 
After the scour hole was developed with the chain of discharges (1000-10000 cfs, 5000 cfs, 
10000 cfs, 15000 cfs; up to experiment 14; see Appendix B) it had a similar size and shape to the 
prototype scour hole (see figure 4.8). For the next few experiments (experiment 15-17), the 
rolling process was studied at lower, more frequent discharges inside this larger scour hole. The 
first discharge that was observed was a 1000 cfs discharge. The flow plunged down the spillway 
face into the pool generated by the scour hole, and formed a roller. The discharge was not high 
- enough to spread the roller throughout the whole scour hole. It only took up a portion of it. Figure 
5.5 contains a picture taken during this experiment. The introduction of the boat into this flow 
pattern had the same affect as previously. The low discharge did not cause as much violence as 
some of the higher discharges, but it did retain the boat. The forces that are generated below the 
surface were not quantified, but it can be presumed that they are above manageable levels. 
For a 3000 cfs discharge the roller became more spread out inside the scour hole (see figure 
5.6). At 7000 cfs, the roller had reached the full length of the scour hole (see figure 5.7). As a 
matter of fact, it was scouring the hole even larger. Just as other researchers had observed for the 
submerged jump over a flat bed, the length of the roller increased with an increase in discharge. 
With the increase in discharge, and an increase in the roller length, the boil moved downstream so 
that it was situated at the end of the roller. 
5.5 Conclusions 
From the above observations, a few things can be concluded about the submerged jump below 
a spillway with a scoured out bed. First of all, it is a very dangerous phenomenon. The forces the 
water generates when it is circulating in the roller are deadly. This is indicative of the numerous 
deaths that have occurred at the Yorkville spillway. This study's aim was not to quantify the forces 
(it is very difficult to make any flow measurements inside the scour hole because of the excessive 
amount of air enaainment). It is not necessary though, because it is clear that these forces are 
s ~ o n genough to cause a public safety problem. 
Figure 5.6: Submergedj m p at Q =3,000 cfs. 

Figure 5.7: Submergedjump at Q =7,000 cfs. 

The size of the scour hole that can be developed by this process is definitely very case specific. 
It clearly depends on the hydraulics of the smcture and the bed sediment characteristics at the toe 
of the spillway. Once a scour hole is developed, the dimensions of the roller that develops inside 
of it seems to be dependent on discharge. The length of the roller will take up a portion of the 
scour hole at lower flows and rake up an even higher portion when the discharge is increased The 
maximum size this roller can develop into is constrained by the dimensions of the scour hole. 
When the discharge becomes large enough that the roller takes up the whole scour hole, the flow 
can either scour even more or be constrained by the scour hole dimensions. 
6.1 Introduction 
It has been shown that the development of the submerged jump below the Yorkville Spillway 
has become a serious deterrent to public safety. An ultimate solution to this problem would either 
limit the existence of the submerged jump or eliminate it completely. Hydraulically, the best 
solution to this problem would incorporate a design that maximizes energy dissipation and 
controls the energy dissipation in a safe manner. The design would need to minimize risk for 
ordinary water discharges. It would also need to be resilient enough so that large discharges do not 
create a situation that could become dangerous at low discharges (i.e. excessive amounts of scour). 
The tested alternatives for the Yorkville Spillway draw on some of the designs discussed in the 
literature review, as well as traditional energy dissipation designs for an overflow structure. The 
five alternatives that were tested in this study include: 1) a grouted stilling basin, 2) a 10:1sloping 
boulder face, 3) a 10:1 sloping smooth face, 4) a four-step spillway, and 5 )  a six-step spillway. 
The design and performance of each of the alternatives will be summarized and discussed in the 
following sections. A short, tabular description for each experiment can be found in Appendix B. 
6.2 Grouted Pad (Stilling Basin) 
Historically, a properly designed stilling basin has been the primary energy dissipation control 
technique for high energy flows at overflow structures. The objective of a stilling basin is to 
provide controlled energy dissipation when the flow goes through the energy transition of the 
hydraulic jump. Since an overflow structure will operate under a vast range of discharges, the 
design will try to minimize any risk that might be associated with the hydraulic jump. This 
includes controlling the excessive amount of scour that could be created as well as the frequency of 
dangerous flow conditions such as the formation of a roller. 
Figure 6.1 depicts the stilling basin design that was tested. The grouted pad was created by 
using the riprap type 2 as aggregate and then capping each layer with grout. The pad was built on 
top of the original riprap type 1. The length of the pad was approximately three times the height of 
the dam (i-e. 18.5 ft). Initial test runs indicated that a patch of riprap was necessary beyond the 
pad, so the riprap type 2 was placed 13.5ft from the end of the pad. The existing sediment was 
then placed beyond the riprap. 

As discussed in section 5.3, the elevation of the grouted pad must be determined for the range 
of discharges that it will operate under. The results of figure 5.3 suggested that the grouted pad 
should be placed at an elevation of 569.00 ft MSL. This would limit the submergence of the jump 
to discharges greater than approximately 7300 cfs. Since 7300 cfs corresponds to a 2 or 3 year 
return period (see table 3.2), it is clear that discharges of this magnitude or higher will not occur 
often. 
6.2.1 Grouted Pad Performance 
The grouted pad performed well as a stilling basin. A hydraulic jump developed within the 
protected portion of the downseem bed and satisfactorily dissipated the energy head. There was a 
limited amount of scour beyond the riprap at the higher flows (i.e. 10000 cfs and 15000 cfs) but 
that was expected at such l q e  discharges. 
At the lowest discharge observed, 1000 cfs, the jump was well within the grouted pad. There 
was not _a lot of air en~ainment for this low discharge, butthat does not necessarily mean that 
would be the case in the prototype (i.e. because of scale effects). When the boat was introduced 
over the spillway, it did get caught. The capture of the boat, and the characteristics of its motions 
once it was captured, were similar to those observed for the scoured out submerged jump. The 
falling nappe impacted the boat and it tended to wobble back and forth. 
To explain why the boat was retained for a jump that is considered swept out, one must look at 
the turbulent structures on the surface of the jump. On the surface of the hydraulic jump, there are 
eddies that are actually upstream directed. In the model, these eddies were strong enough to 
capture the boat. It is unclear whether these upstream directed forces are as strong as the 
submerged jump forces, but it was clear that these flow structures could cause a problem. The 
capture capability of this flow would definitely need to be considered when considering this 
alternative, because the strength of the eddies only increases for higher discharges. 
For a 1500 cfs discharge and a 2000 cfs discharge the jump was becoming more violent. At 
2000 cfs there was a significant amount of air enaainment. When the boat was captured next to 
the spillway, the turbulence that the hydraulic jump generated moved the boat around rather 
erratically. The 3000 cfs and 5000 cfs discharges demonstrated the same characteristics. The boat 
moved around more violently once it was captured, and occasionally it flipped over. On occasion, 
the chaotic turbulence pushed the boat a moderate distance from the spillway, but it was then 
quickly swept back towards the falling nappe by the upstream directed surface eddies. Figure 6.2 
is a picture of the hydraulic jump at 3000 cfs. 
A 7300 cfs discharge marks the optimum jump, whereas all discharges lower than that were 
considered swept out (according to figure 5.3). At this discharge, the jump seemed to entrain less 

6.3.1 10:1 Sloping Boulder Face Performance 
A discharge of 1000 cfs was not enough to submerse all of the rocks. The flow came off the 
impact block as a sheet of water. When the flow impacted the rocks, there was some splashing 
and air entrainment. Near the spillway, the flow was primarily inside the pores of the boulders. 
Farther 6own the slope the flow went along the face of the rock. 
At a 2000 cfs flow there was a moderate amount of splashing on the rocks. There was a lot of 
air entrainment, as pointed out by the large amount of bubbles. Almost all of the rocks were 
submersed. A 3000 cfs discharge showed the same characteristics with only a few boulders left 
emergent. It was also noticed that air entrainment increased with the higher discharge. 
For the 6000 cfs discharge, the rocks were completely submersed and the flow was 
predominately on the suriace of the rocks. Fcr this discharge, the falling nappe slid down the face 
of the spillway, over the impact block and then a short distance down the boulder face before it 
evolved into a form of a swept out hydraulic jump. Beyond the jump there was still a decent 
mount  of turbulence left over. The surface remained agitated until the end of the slope. The 
-
riprap beyond the boulders had started to move, but only a minimal amount. 
For the 10000 cfs discharge the flow skimmed along the face of the rocks for a longer distance 
than the 6000 cfs discharge, until it started a swept out jump (see figure 6.5). Beyond the jump 
there was still a lot of residual energy ard the flow did not become completely two dimensional 
until after the riprap pad. The riprap stmed to move a little more, but not to any large extent. 
The flow skirnmea beyond the impact block for the 15000 cfs discharge. A short distance 
down the rock face the flow developed ;nto a standing wave. Behind the standing wave the surface 
was quite undular and remained undular down the rest of the slope. There was still a moderate 
amount of turbulent energy left at the end of the face because the riprap had scoured a little more. 
The sediment beyond the riprap, on the other hand, was not showing signs of scour other than the 
expected bed load fcr such a high discharge. The riprap was scoured in pockets which correlated 
well with the closes boulder. It appeared the scour was very dependent on the boulder placement 
just upstream. The boulders did not show any signs of movement for any of the discharges. 
At the lowest flows the boat could not continue through the rocks because there was not 
enough flow to r ~ v e  it along. At the higher discharges the boat moved through the hydraulic 
jumps and standi~gwaves that occwed on the sloping face and continued downstream without 
experiencing any problems. 
Figure 6.4: X0:1 Slop- Bodder Alternative 

air than the previous flows. The surface also seemed to look less violent than for some of the 
lower flows. It was clear though, that once the boat was placed in the flow that this discharge 
developed some violent turbulent characteristics. The boat was easily swept around. It often 
crashed into the spillway and the grouted pad. The boat turned over quite often and continued to 
roll for short time periods. 
At 10000 cfs and 15000 cfs the jump was clearly submerged. There was much less air 
entrainment which made the surface look less violent (see figure 6.3). Since the jump was 
completely submerged, a roller developed. The roller easily captured the boat and tossed it around. 
The length of the roller for the 10000 cfs discharge spread beyond the len,@ of the grouted pad 
and onto the riprap. It was clear that the tailwater still contained a moderate amount of energy 
because there was some local sediment scour beyond the riprap. Some of the finer material was 
moved downstream leaving the coarser sand and gravel. However, the scour was not exweme. It 
would correspond to a maximum of 1 ft of scour in the prototype. 
At 15000 cfs the roller was even longer and there was a little more scour. The maximum 
amount of scour would correspond to 1.5 ft. For the 15000 cfs discharge the riprap, was 
beginning to vibrate in place. It did not, however, move downstream. This clearly shows that a 
riprap smaller than the riprap type 2 could potentially scour at the higher discharges. 
6.3 10:l Sloping Boulder Face 
Another alternative tested for the modification of Yorkville Spillway consisted of placing large, 
unscourable, boulders at a 10:l slope down the face of the spillway. This design is similar to the 
design Davis and George (1985) tested. It appears this design has also been implemented by the 
Wisconsin DNR in many locations. The Wisconsin designs place two-ton riprap at a slope of 6: 1 
along the face of the spillway (Bill Rice-personal communication, 1996). 
Figure 6.4 depicts the design tested in this study. The boulders were scaled down from a two- 
ton boulder size in the prototype. This roughly conesponds to prototype boulders with an 
equivalent diameter of 5.6 ft. An impact block was placed on the face of the spillway at an 
elevation of 573.00 ft. The block directed the flow downstream and limited the amount of 
splashing the rocks created when the flow impacted them. The boulders were placed on top of the 
1976 riprap type 1 design. The face of the boulders was placed at a 10: 1 slope starting from the 
impact block and ending at the downstream bed elevation of 569.00 ft. For 9 f t  beyond the 
boulders, a much smaller riprap was placed. The exna bed protection was thought necessary so 
the riprap could absorb some of the residual turbulent energy. The uniform riprap scales to a 2.25 
in (5.71 cm) diameter riprap in the prototype. The existing sediment gradation was then placed 
beyond the riprap pad 

6.4 1O: l  Sloping Smooth Face 
The observations of the flow characteristics down the 10:l sloping cobbles suggested that 
observations of flow down a smooth 10: 1 sloping face would be useful. Figure 6.6 depicts the 
design of the 10:l sloping smooth face. The impact block portion of the design and the sloping 
face had the same dimensions as the 10: 1 sloping cobbles, but it was smooth. In the model the 
sloping face was cast into a concrete block In the prototype, an alternative, cheaper material could 
be used to develop the 10: 1 slope. For 9 ft beyond the sloping face, the riprap type 2 was placed 
for extra bed stability. Beyond the 9 ft of riprap the present day sediment was placed 
6.4.1 10:l Sloping Smooth Face Performance 
For a 1000 cfs discharge, the flow calmly moved along the face of the slope as a supercritical 
sheet. About 5 ft from the end of the slope the tailwater met the supercritical sheet and a small 
jump occurred. There was a moderate amount of aeration and a minimal amount of turbulence. 
The strength of the jump was barely large enough to capture the boat when it was placed from 
downstream. Once the object was captured it often floated next to the smcture for a while and 
then moved downstream. When the boat was placed upsaeam and allowed to float down the face 
it was not captured. 
The supercritical sheet generated by a 2000 cfs had enough energy to push the tailwater beyond 
the end of the slope. A surface wave occurred at the intersection of the riprap and the end of the 
slope. Behind the surface wave a small hydraulic jump dissipated the energy. Because the jump 
was pushed so far downstream, there was some sediment scour beyond the riprap. The jump was 
not able to capture the boat because the standing wave pushed it beyond thejump. 
At 3000 cfs the flow was able to capture the boat, but it often escaped after a short amount of 
time. The supercritical sheet of water, with a Froude number of 4.14, evolved into a hydraulic 
jump right at the end of the sloping portion. The tailwater was just high enough so that the 
standing wave did not occur. The jump generated a good amount of aeration. 
The 6000 cfs discharge also generated a large amount of aeration. The jump moved up the 
slope about 5 ft from the end. An odd turbulent smcture that occwed only on one of the walls of 
the channel caused a pocket of sediment scour downstream. Otherwise, only a small amount of 
sediment was aansported downstream. The riprap was wobbling a little bit, but none of the rocks 
moved downstream. The turbulence in the jump was able to capture the boat and tended to move 
it around quite handily. However, it often escaped after a short amount of time. 
At a 10000 cfs discharge, there was an even greater amount of aeration. The supercritical sheet 
of water, with a Froude number of 2.74, developed a hydraulic jump about half way down the 
Figure 6.6: 10:l Sloping Smooth Face Alternative 

slope (see figure 6.7). The flow did not cause any extra sediment scour and the riprap remained 
stable. 
A 17000 cfs discharge caused the hydraulic jump to occur shortly after the flow started down 
the slope. There was still a good amount of aeration at such a large discharge. The tailwater 
seemed uncharacteristically calm down stream (i.e. compared to some of the other alternatives). 
This suggests that the jump attained efficient dissipation. 
6.5 Four-Step Spillway 
Knowledge gained from the literature search suggested that maximum dissipation at a low 
stepped overflow structure will occur for the nappe flow regime. The primary dissipation 
mechanism for the nappe flow regime involves the partial or full development of hydraulic jumps 
on each step. Thus, longer steps give better sequential dissipation. It would seem that there are 
two ways the steps could be designed. One would be with a constant l/h ratio (where 1 = step 
length and - h = step height) and the other would consist of differing l/h ratios along the stepped 
structure (i-e. Dodge, 1989). For the differing Vh ratio, there would be an infinite amount of 
possibilities. It would be unclear how each step contributes to the overall bssipation. There is also 
a possibility that the nonuniform step configuration could deplete the dissipation potential of the 
next step. For example, if the l/h ratio is larger in the preceeding step the water might only partially 
impact the next step or miss it completely. 
Since nonuniform step arrangements might not utilize the dissipation potential of each step, it 
was decided a uniform stepped structure should be designed. Stephenson (1991) suggested a l/h 
ratio of 5 to achieve efficient dissipation. Beyond a ratio of 5, the size, and therefore, cost of the 
structure becomes excessive (Stephenson, 1991). 
Figure 6.8 contains the design and a picture of the constructed four stepped structure. The top 
of the steps were placed at an elevation of 573.50 ft MSL. Above 573.5 ft MSL the spillway starts 
to form the ogee shape. Below this elevation, the spillway is straight It would seem the straight 
portion would be the easiest portion of the-spillway to fasten any type of structure. It was also 
noticed that placing the steps after the nappe had started to flow downwards would aid in energy 
dissipation. 
Since the bed resides at an elevation of 569.00 ft MSL, there was 4.5 feet of step height to 
work with. For a four-step structure this set the step height at 1.125 feet. To achieve the l/h ratio 
of 5, this set the step length at 5.625 feet. The riprap type 1from the 1977-78 design was built up 
to an elevation just below 569.00 ft MSL. A thin layer of masonry sand was placed on top of the 
riprap and then the rigid concrete cast steps where placed on top of that This set the bottom of the 
steps at an elevation of 569.00 ft  MSL. Beyond rhe stepped stn~cture, riprap type 2 was placed. 


The length of the riprap type 2 was four times the step length of the structure (22.5 ft). The 
existing sediment gradation was placed beyond the riprap. 
One might notice from inspection of figure 6.8 that the length of the stepped structure and 
riprap is still not as long as the 1977-78riprap addition. It should also be pointed out that an actual 
constructed design in the prototype would not necessarily need to implement rigid steps. The steps 
could be made out of grouted bags or some other material that might not need an elaborate 
foundation (e-g. Davis and George, 1985). This would not change the hydraulics of the structure 
as long as the step design retained the same dimensions and had similar roughness characteristics. 
6.5.1 Four-Step Spillway Performance 
At the lowest flow tested, 1000 cfs, the stepped structure is aesthetically pleasing. The flow 
aaverses over the face of each step and then falls to the next. When the falling nappe impacts the 
next step, i t  goes through a fully developed hydraulic jump. Figure 6.9 is a picture of the stepped 
structure model at this discharge. Pockets of air develop behind the falling nappe, just as depicted 
-
in figure 2.3a. The air pockets become larger farther down the steps, perhaps signifying an 
increase in the rate of energy dissipation. There is very little residual energy left over at the end of 
the srmcture. The little amount of excess energy creates weak surface disturbances and a small 
amount of bubbles. Since the flow depth was so shallow and the boat would not pass over the 
steps, a smaller piece of wood was introduced into the flow. Even for this lightweight object, the 
flow did not show any capturing characteristics. 
For a 2000 cfs discharge, a portion of the flow energy was dissipated on each step with the 
development of a hydraulic jump. The residual energy was then dissipated with a well aerated 
hydraulic jump beyond the toe of the last step (see figure 6.10). An air pocket was not noticed 
behind the nappe of the first step down. The next step down had periodic air pockets, while the 
third step down had a defined air pocket across the whole spanwise length of the step. The last 
step down was submersed by the tailwater, so no air pocket was observed. The residual jump that 
occurs at the bottom of the step structure takes up about 20% of the riprap length. The jump 
showed no capture characteristics. It was observed that even if the surface of the jump contained 
some upstream directed eddies, the downstream directed inertia of the flow pushed any object 
beyond the residual jump. This occurred for this low discharge as well as for the higher 
discharges. 
A 3000 cfs discharge developed an air pocket on the third step down, but not on either of the 
fi-rst two. The flow c!ea!y inqacted the face of each step, where a hydraulic jump appeared. The 
jump on each proceeding step became larger than the previous one, until the remaining energy was 


dissipated in a residual jump. The residual jump occurred approximately 3.75 feet from the end of 
the steps. The well aerated residual jump did not show any capture characteristics. 
Similar characteristics were also observed for a 4000 cfs and a 4500 cfs discharge. There was 
an air pocket only on the third step down (periodic air pocket at 4500 cfs). Dissipation occurred on 
each step with e partially deveioped or fully developed hydraulic jump. The remaining energy was 
dissipated witk a sizable resioual jump. This residual jump was also highly aerated. Figure 6.11 
depicts tk - model at a 4500 cls discharge. 
The flow correspondin= to a 6000 cfs discharge marked the first observation of clearly 
skimming flow. There whs no noticeable hydraulic jumps on the face of any of the steps. 
Therefore, energy dissipation on each step was achieved through momentum transfer from the 
skimming stream of flow to the recirculating vortices in each step cavity (see figure 2.4). The 
remaining energy at the bottom of the steps evolved into an oscillating hydraulic jump. The jump 
went from a distinct flow structure to two separate jumps that broke the riprap length into thirds. 
Neither of the state. of the hydraulic jump captured the boat. 
The 8000 cfs discharge skimmed down the face of the steps and developed into a turbulent 
hydraulic jump. The t3e of the jump started at the end of the last step. There seemed to be 
min,mal dissipati~n on the steps, but the jump after the steps dissipated the residual energy quite 
effiziently. Behild the major jump was another small jump. Neither jump stretched beyond the 
riprap length. 
A 10000 cfs discharge developed a different flow structure than any of the previous 
discharges. The flow skims down the face of the steps, but once it meets the tailwater it develops 
into a surface vave (see figure 6.12). The surface wave starts after the third step down and peaks 
about the end 3f the last step. Behind the wave, there was a moderate hydraulic jump. There was 
much less air entrainment than the 8000 cfs discharge. The boat was able to pass over the surface 
wave beyond the small hydraulic jump with ease. 
For the 15000 cfs discharge, the surface wave becomes larger and moves farther up the steps. 
The wave begins at the end of the first step down and peaks at the middle of the last step. There 
was qot any air entrainment observed for the surface wave. A small jump occurs behind the wave 
whi :h dissipates the flows excess energy. The small jump entrained a minimal amount of air. At 
thi. large discharge, some of the smaller riprap particles were starting to wobble, but none of them 
m ~ v e dfrom their resting place. The sediment behind the riprap had scoured a small amount 
leaving mostly coarser material. 
Fi,onre 6.13: Six-Step Spillway Alternative 

6.6 Six-Step Spillway 
The good performance of the four-step spillway suggested that an increase in the number of 
steps could add even more dissipation. Drawing on the recommended design of Dodge (1989), a 
six-step structure was constructed to the top of the spillway and then tested. Figure 6.13 contains 
the design and a picture of the six-step structure. Since the elevation difference between the top of 
the spillway and the bed is 6 feet, each step was 1 foot tall. To keep the l/h ratio of 5,  the step 
length was set at 5 feet. The rigid stepped structure was cast out of concrete and placed on top of 
the 1977-78 riprap type 1design. Riprap type 2 was placed beyond the end of the steps at a length 
of four times the step length (20 feet). The existing sediment gradation was then placed beyond 
the riprap. 
6.6.1 Six-Step Spillway Performance 
Observations of the flow at a discharge of 1000 cfs showed that there was some extra 
dissipation over the four-step structure. The flow kind of fell over each step, evolved into a small 
hydraulic jump and then fell over the next step. The residual energy remaining at the second to last 
step was dissipated before the flow reached the last step down. Therefore there was no noticeable 
residual energy remaining. There were air pockets behind the falling nappe of each step down. 
The smaller piece of wood was introduced into the flow and no capture characteristics were 
noticed. 
For a 2000 cfs discharge, there appeared to be hydraulic jumps on the face of every step except 
for the first. There was an air pocket behind parts of the fourth step down and across the whole 
iength of the fifth step down, but not on the second or third step downs. Tnere was a few bubbies 
caught behind the nappe of the first step down. There was a moderate residual jump about 2 feet 
from the end of the steps. This jump promoted good air en~ainment, but was not strong enough 
to capture the boat 
A 3000 cfs discharge developed a small amount of bed load transport beyond the riprap. The 
sediment started to become armored. The flow developed hydraulic jumps on all of the steps 
except the first There was air pockets behind the fifth step down and part of the fourth, but not on 
any of the others. The remaining energy at the end of the steps evolved into a low Froude number 
hydraulic jump. The jump was not able to capture the boat. 
The 5000 cfs discharge developed periodic air pockets inside of the fifth step down, only. 
Figure 6.14 is a picture of the six-step structure for a 5000 cfs discharge. The flow smoothly 
skimmed across the first step down. After the second step down, the flow impacted a portion of 
the next step face and developed a small, partial hydraulic jump. When the flow went over the 
third step down it clearly impacted the step face and developed into a larger, partial hydraulic jump. 
The development of the hydraulic jumps increased for the fourth and fifth step down. The 
remaining energy at the bottom of the stepped srructure was dissipated with another low Froude 
number jump. The residual jump at this discharge was not able to capture the boat, either. 
The flow skimmed over the fxst three steps for an 8000 cfs discharge. There was a small 
hydraulic jump on the fourth step (step face after the fourth step down). The tailwater was so high 
that the residual jump moved onto the face of the fifth step. The residual jump dissipated the 
remaining energy quite efficiently. It also entrained a lot of air. When the boat was placed in the 
flow from upstream, it easily slid down the face of the steps and through the residual hydraulic 
jump. When the boat was placed from downstream, it sometimes became wedged between the 
hydraulic jump and the step face. Often, the turbulence first caught the boat. Then the sheet of 
flow down the face of the steps pushed the boat beyond the jump. It was noticed that more of the 
finer sediment beyond the riprap moved downstream, thus annoring the bed even more. 
For a 10000 cfs discharge there was no noticeable hydraulic jumps on any of the steps. When 
the flow met the tailwater at the end of the fourth step, it oscillated between a standing wave and a 
hydraulic jump. There was a smaller hydraulic jump behind each of the two states, which 
dissipated any of the remaining energy. When the boat was placed upstream of the spillway, it 
quickly floated down the face of the steps, impacted the hydraulic jump(s), which drastically 
slowed the velocity of the boat down, and then proceeded downstream. When the boat was placed 
into the flow from downs~eam, the second hydraulic jump showed some capture capabilities, but 
only for a short period of time. Eventually the boat was released downstream. 
Very near the 100 year discharge (i-e. 17000 cfs), the flow develops into a surface wave at t he  
end of the second step (see figure 6.15). Behind the surface wave, a small hydraulic jump creates 
the small energy transition from the pool water to the high tailwater. The riprap was stable and the 
sediment only scoured a small amount. 
6.7 Transition Between the Nappe and Skimming Flow Regimes 
As mentioned in the literature review, Rajaratnam (1990) described that the transition between 
the nappe flow regime and skimming flow regime occurs when the ratio of critical depth with step 
height equals 0.8. Discharges above that ratio are skimming flows while discharges below 0.8 are 
considered nappe flows. On the other hand, Chanson (1994) defined that the onset of skimming 
flow occurs when the air pocket behind the falling nappe disappears. He then used some 
experimental data to develop equation 2.2. Equation 2.2 defines that the transition flow for a 
constant step geomew (i-e. constant M) is a function of the ratio of critical depth to step height. 
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Figure 6.16: Measured pool water rating curves. 
Mondardo and Fabiani (1995) then took Chanson's relationship one step farther and developed 
equation 2.3. 
Table 6.1 presents the predicted discharges as well as the discharges in which the transitions 
were observed for the four step and six step configurations. From table 6.1 one can see that none 
Transition Discharges I 
I Research 
-
Four Steps 
(cfs) 
Six Steps 
(cfs) I1 
I Chanson (1994) 3400 2850 I 
Mondardo and 
Fabiani (1995) 
Observed (approximate) 4500 5000 
Table 6.1: Computed and observed discharges for the transition 
between the nappe and skimming flow regimes on 
the stepped structures. 
of the equations predict the transition discharge well but that Mondardo and Fabiani's equation 
predicts the transition discharges most closely. 
It should be noted that the above relationships were derived without considering the tailwater 
depth. In this study, one has seen that the model was operated with a tailwater rating curve. 
Presumably, the tailwater changes the discharge characteristics of the steps just as the tailwater 
changes the discharge relationships for a spillway. It is clear that more observations would need to 
be conducted to come up with better relationships describing the transition. 
6.8 Tailwater and Pool Water Measurements 
Tailwater elevations were taken along the first 170 feet of the reach downstream of each 
alternative. The measured elevations compared quite favorably with the sirnulated/expected 
elevations that occur in the prototype. There were no noticeable tailwater affects for this section of 
the reach for all of the alternatives tested. 
The measured dimensionless heads for four of the alternatives (i.e. grouted stilling basin, 10:1 
sloping smooth face, and both of the stepped spillways) are plotted in Figure 6.16. The measured 
heads for these alternatives compare quite well to the original spillway measurements. The crest 
change for the six-step spillway did, however, have an affect on the pool water rating curve. The 
crest change for this alternative can not pass discharges as efficient as the modified ogee crest. 
7. Summary and Conclusions 
7.1 Model Calibration and Scour Hole Development 
A 1:9 Froude scale sectional model of the Yorkville Spillway was constructed and calibrated. 
Sediment samples were obtained, and scaled using appropriate sediment transport criteria. It was 
found that the existing sediment was clearly susceptible to the scouring action of the falling nappe 
and turbulent structure that developed below the spillway. While modeling the existing sediment 
downs~eamof the spillway, the 1976 scour hole was reproduced with relatively good results. 
Then the IDOT Division of Water Resources 1977-78riprap design to eliminate the effects of 
the roller was modeled. It was noticed that flows as low as 4000 cfs started to scour the riprap 
away from the face of the spillway. It was clear that the largest discharge encountered at the 
Yorkville Spillway, approximately 10000 cfs, created a large scour hole that was similar in size to 
the 1991 surveyed scour hole. Once the scour hole was developed and came to an equilibrium for 
the 10000 cfs discharge, it was found that a lower, moderate discharge of 5000 cfs had enough 
energy to begin the scouring process again. Subsequent experiments at higher discharges then 
widened the scour hole. 
Observations of the flow in the vicinity of the scour holes showed its devastating capturing 
capabilities as well as its violent characteristics. When the boat was introduced near the spillway, 
whether upstream or downstream, it was clear that the rolling action of the submerged jump 
clearly acted as a "drowning machine". It was also noticed that the flow near the downstream face 
of the scour hole, and therefore at the end of the roller, had a strong vertical component When that 
vertical component reached the water surface, it created a "boil barrier". This rise in the water 
surface acted as a barrier to any objects that became captured next to the spillway. 
Observations of lower flows inside a much larger scour hole showed that the roller length 
increases with an increase in discharge. This is in agreement with observations of the submerged 
jump for flat bed conditions. The roller took up only a portion of the hole at lower discharges and 
then a larger portion of the scour hole at larger discharges. Once the discharge became large 
enough, and the roller spanned the whole length of the scour hole, the flow had two options. If the 
flow had enough energy to scour the hole larger (i-e. moderate discharge with moderate tailwater 
depth) than it started with the scouring process, again. However, if the flow did not have enough 
energy to scour a larger hole (i-e. large discharge but high tailwater) then the len,@ of the roller 
was constrained by the length of the scour hole. 
Thus the pool water rose in elevation. The rise in pool water supplied the necessary head to pass 
the given hscharge. This rise in head would be minimal in the prototype, though. The maximum 
rise in head over the existing rating curve would be 3.84 in (9.75 cm) for a 17000 cfs discharge. 
At a 10000 cfs discharge the head change would be 2.38 in (6.04 cm). 
It should be noted that the pool water rating curves for the 10:l smooth slope, and the two 
stepped smctures deviated from the existing modified ogee crest for the smallest discharges 
studied (i-e. < 2000 cfs). This was unexpected because it suggests that the alternatives became 
more efficient than the ogee crest at these low discharges. At first, it was thought the deviation 
could be attributed to measurement error. This was dismissed when repeated measurements for 
the four-step structure reproduced the same phenomenon. The deviation was then attributed to 
wall effects, but this did not make sense, either. If it was wall effects then the relationships for the 
alternatives would not have deviated from the existing modeled spillway measurements because 
the walls would have affected the spillway also. It seems a reasonable conclusion can not be 
drawn to explain this deviation. Nevertheless, the decrease in pool water elevation was only for the 
smallest discharges and therefore would not have any adverse aKects in the prototype. -
For flows greater than 4500 cfs , the flow moved over the steps in the skimming flow regime. 
For this flow regime most of the energy was &ssipated at the toe of the spillway with a residual 
jump. Discharges greater than 9000 cfs created a surface wave on top of the steps and then usually 
a jump behind that. 
It was observed that the four-step structure had absolutely no capture characteristics for any of 
the discharges. Introduction of the boat, or the smaller wooden object, upstream and downstream 
showed that none of the flows had enough power to capture either object. Even if there was a 
large residual jump that contained some upseeam directed surface eddies, the motion of the flow 
down the face of the steps pushed the object beyond the jump. 
The performance of the six-step structure was very similar to the four step structure. 
Discharges below 5000 cfs were in the nappe flow regime. At the lower flows it appeared that the 
extra steps gave some extra dissipation. This was because there was more steps to create hydraulic 
jumps. At the higher skimming flows there was a minimal amount of dissipation on the steps (as 
was seen in the four-step structure). Most of the energy was dissipated at the end of the structure 
with a residual jump. For all of the lower discharges the flow did not posses any capturing 
characteristics. At an infrequent flow of 10000 cfs some capture was noticed when the boat was 
placed from downstream, but it was only for a short amount of time. 
Construction of this step configuration to the top of the spillway would be difficult and require 
extra consideration. Another consideration for the crest change is the fact that the discharge 
coefficient of the spillway will change and consequently raise the pool water head slightly. 
Observations and comparisons of the two stepped structures (i.e. four-step and six-step) 
suggest that the four-step arrangement is more cost effective and a more feasible solution than the 
six-step arrangement. 
After the model was calibrated and the scouring process was observed, five altemative designs 
for the spillway were constructed and tested. The ultimate objective of these designs were to 
eliminate the existence of the roller or any other public safety nuisance. Th_ls would in effect render 
the Yorkville Spillway drown proof (at least from a hydraulic point of view). 
The first of the five alternatives tested was the eaditional stilling basin. The stilling basin 
performed excellent hydraulically with good dissipation and a minimum amount of scour, but it 
&d show some dangerous characteristics. While the excessive amount of turbulence created in the 
normal hydraulic jump would probably act as a deterrent to anyone who might consider 
approaching the spillway, this excessive turbulence did show some capturing capabilities. 
Upstream directed eddies on the surface of the jump where strong enough to capture the boat when 
placed upstream or downstream. Since this spillway is very accessible to the public and there is a 
good chance that somebody may approach the spillway either accidentally or purposely, it does not 
seem safe to implement this solution. 
Next a f0:1 boulder slope alternative was tested. While this alternative showed excellent 
dissipative qualities, it is unclear how feasible and safe the smcture might be. It was noticed that 
the section of the slope closest to the top of the spillway was not submersed at the lower 
discharges. This perhaps, would attract people out to the rocks and therefore onto the spillway 
where they could possibly become harmed. It must also be considered that the two-ton riprap 
scales to an equivalent diameter of 5.6 ft in the prototype. Since riprap of this size is not available 
throughout most parts of Illinois it is unclear how feasible this solution would be. In parts of the 
country where riprap of this size is omnipresent (e-g. Wisconsin), this setup could be considered 
Observations of the 10:l boulder slope suggested that it would be beneficial to observe flow 
over a 10: 1 smooth sloping face. It was found that the flow down the face of the slope was 
aesthetically pleasing, but that there was low head loss. Most of the energy dissipation occurred 
when the supercritical stream met the subcritical tailwater through the existence of one large 
hydraulic jump. The concentrated turbulent dissipation of this s r i c t m  showed some capture 
capabilities, though. For this reason and the fact that it would be difficult to construct this solution 
cost effectively, this alternative did not seem feasible, either. 
The last two alternatives tested were stepped spillways. The four-step structure, which was set 
below the ogee curvature on the face of the spillway, showed good dissipative qualities along with 
an aesthetically pleasing appearance. For flows lower than 3000 cfs a hydraulic jump appeared on 
the face of most of the steps and dissipated most of the energy effectively. For flows between 
3000 and 4500 cfs partial hydraulic jumps on each step partially dissipated the flow. The 
remaining flow was dissipated safely with a residual hydraulic jump at the toe of the step overlay. 
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gaging station was used to back calculate an average flow along the Yorkville reach. The gaging 
station was at Dayton, Illinois. By applying the Log-Pearson Type ID distribution with no skew to 
26 years of annual maximum discharges at Dayton, the return periods for the Dayton reach were 
determined (see figure A. 1). Next, these return periods were compared to the return periods 
generated by the Corps of Engineers at Yorkville, by taking the ratio of the two (see figure A.2). 
From the annual averaged Dayton measurements, an average annual discharge was obtained 
for the 26 years. Then, figure A.2 was used to obtain an approximation for the Dayton/Yorkville 
flow ratio (this of course assumes that the annual maxima comparisons behave in the same 
manner as the ratio of annual average flows). The Dayton annual average flow was calculated to 
be 2352 cfs and from figure A.2 this corresponds to a Daytoflorville ratio of 1.16. With this 
ratio, an average flow of 2021 cfs for the Yorkville reach was estimated. 
Next, the tailwater height that corresponds to 2021 cfs was read from the tailwater rating curve 
that the Corps of Engineers simulated at Yorkville (figure 3.6b). Assuming a rectangular channel 
cross section and a channel width of 530 feet (width of the spillway) the average flow velocity was 
estimated as: 
Using this average velocity, the water depth, a roughness length of 2.69 cm (the prototype D50 
was computed from the USGS samples and is given in Section 3.2 as 13.43 mm), the prototype 
friction velocity was estimated to be 0.0520 m/sec with the help of A.4. The model friction 
velocity was then obtained using Froude similarity. From equation 3.6, the friction velocity can be 
scaled as: 
This resulted in a model fiiction velocity, u,, ,of 0.0173 m/sec. 
Appendix A 
A.l Model Friction Velocity Determination 
The sediment scaling, as described in section 3.2, requires model and prototype friction 
velocities. This section includes a full explanation for those computations. 
First, the prototype friction velocity u , ~ ,was determined. In a shallow wide open-channel 
flow with a hydraulically rough boundary, where the bed roughness length is greater than the 
height of the viscous sublayer, the mean flow velocity profile is fairly well described by: 
where Ti is-the streamwise velocity at a distance z above the bed, K = 0.4 is Von Karman's 
constant, and ks is the bed roughness length = 2D50, where D50 is the bed particle size for which 
50% of the material is finer. 
A depth averaged velocity can be obtained by integrating the velocity over the water depth as 
given by the following equation: 
where H is the warer d e p ~and U is the depth-averaged veiociry. Substituting (A.2) into (k.1) 
yields: 
Performing the integration in (A.3), results in : 
which is known as Keulegan's resistance law. 
For the application of equation (A.4) a depth-averaged velocity along with the corresponding 
water depth are needed. Since no flow measurements at Yorkville Dam were available, the closest 

Yorkville 
Return Period (yrs) 
Figure A.l: Annual exceedance for Dayton and Yorkville. 
Discharge (cfs) 
Figure A.2: Dayton/Yorkville exceedance ratio. 
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I Solution #1 - Grouted Pad I 
Prototype 
Experiment # Flow Rate (cfs) Date Objective I 0bservations 
18 1000 1/3/96 check swept-out flow structure/if any scouring no scourljutnp all on padlsurface rollers capture boat 
19 3000 1/4/96 check swept-out flow structurelif any scouring small local scour after pad/turbulent jumplair entrainment 
20 5000 1/4/96 check swept-out flow structurelif m y  scouring huge air entrainment/lengtli of ju~np=lengtli of pad/artnoril~g 
21 7300 1/4/96 clieck flow structure/how much scour more turbulent jurnp/less air entrainment/armoring in scour hole 
22 1500 1/8/96 clleck swept-out flow structurc/focus on low flows turbulence bccomcs dangerous?/boat flips around quite llal~riily 
23 2000 1/8/96 check swept-out flow structurc/focus on low flows probably too dnngerouslboat moves a lotlair entrainment increases 
24 loo00 1/9/96 check submerged flow structure/liow riiuch scour juliip lengtli > then pad lengtll/small air entrain~nent/less turbulent 
25 
r 
15000 1/9/96 check submerged flow structure/llow much scour rninilnal air cntrainment/niucli larger hole/21id layer of rock exposcd 
Riprap Addition Beyond Pad 
26 3000 1/12/96 check for scour/make ADV rnsrlnnts, to size rock no riprnp ~novement or any scour alter the riprap 
27 5000 1/12/96 check for scour/lnake ADV tnsrlnnts. to size rock no riprap move~nerit/so~iie b dload transport (only fine seditnent) 
28 7300 1/12/96 check for scour/~nake ADV ~nsrmnts. to size rock no riprap ~novement/more bedload transport/armoring 
29 loo00 1/15/96 check for scour/lnake ADV ~nsr~iints.to size rock no riprap ~nove~nent/rnini~iial scour (Inax = 1 3/8")/annoring 
30 15000 1/15/96 check for scour/lnake ADV ~nsrrnnts.to size rock riprap wobbling a little/solne niorc scour/lnore unioring 
Solution #2 - 10:l Sloping Cobbles 
2 
31 1000 1/22/96 observe dissipation and flow structure some rocks aren't colnpletely sub~nerged/some bubbles 
32 3000 1/22/96 observe dissipation and flow structure water shoots in a11 directions when it impacts rocks/small rapids 
33 loo00 1/22/96 view dissipation & flow strctr./ADV for riprap sizing bedload transport ill open cliannel flow prtions/large junip on rocks 
34 
i 
15000 1/22/96 view dissipation & flow strctr./ADV for riprap sizing goad jump/good air entrainment 
L 
Appendix C 
The U.S. Customary units of measurement used in this report can be converted to menic (ST) units 
as follows: 
Multiply BY To Obtain 
inches 2.54 centimeters 
feet 0.3048 meters 
cubic feet per second 0.0283 17 cubic meters per second 
tons (short) 907.1847 kilograms 
1 Solution #4 -10:l Smooth Face I 
Prototype 
Experiment # Pllow Rate (cfs)
v 
Date Objective I 0bserva t ions 
52 1008 2116/96 view dissipation & flow structurc/clieck for scour supercritcal s~reaking flowls~nall jump @ end of slope/catclles object 
53 2000 2 view dissipation & flow structure/clieck for scour jump beyond slope/causes odd shape/good aeration/sorne scour 
54 3000 2/16/96 view dissipation & flow structurelclieck for scour jump @ bottom of spillway/does not capture/good acration/armori~ig 
55 GOO0 2/16/96 view dissipation & flow structurelcheck for scour good aerationlju~np at end of slopelso~ne riprap wobbling/capture 
56 10000 2/16/96 view dissipation & flow structure/clleck for scour liuge aeratior~/calrn Iailwater dwnstrln/stable riprap/ju~iip far up face 
57 
u 
17000 2/16/96 view dissipation & flow structure/cl~eck for scour undular surfacclriprap scour in pockets/not much scd move~n c~~ t  
J Solution #5 - Six-Step Spillway 
58 1000 4/15/96 view dissipation & flow structure/check for scour excellent dissipation/air pockets all stcps/low residual eriergy 
59 2008 4/15/96 view dissipation & flow structurelcheck for scour air pockets 011some sleps/good dissipatio~l/residud jurnplno capture 
to 3000 4/15/96 view dissipation & flow structure/clieck for scour some air pockets/farely good dissipation/low Froude I t  jump 
61 5000 4/16/96 view dissipatio~l & flow ~tructure/cl~eck for scour some air pockcts/l st step skim~ninglrest have ju~nps/sorne bcdload 
62 8000 4/16/96 view dissipatioil & flow structure/cl~eck for scour 1st tluce stcps ski1n1ning/4th partial jumpflarge residual jump 
63 10008 4/16/96 view dissipation & flow structure/clieck for scour all skimming flow/oscillating surface wave:residual julnp/aeratio~l 
64 
-
17000 4/16/96 view dissipation & flow structurelcheck for scour large surface wave/behind s~nal l  jump/stable riprapflow scour 
